Flammability screening tests of resins by Hughes, B. M. et al.
  
 
 
N O T I C E 
 
THIS DOCUMENT HAS BEEN REPRODUCED FROM 
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT 
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED 
IN THE INTEREST OF MAKING AVAILABLE AS MUCH 
INFORMATION AS POSSIBLE 
https://ntrs.nasa.gov/search.jsp?R=19810009672 2020-03-21T14:54:11+00:00Z
REP 
FLAMMABILITY SCREENIP '- TESTS 
OF RESINS 
R. W. ARHARl 
D. G. FARRAR 
HUGH1 
I south Chipot8 Way 
lake Gfy, Utah 841 08 
Fina l  Report 
UTEC 79-140 
October 1973 
NASA Report CR-152312 
Nat ional Aeronautics and Space Adminis t rat ion 
Ames Research Center 
R. W .  Arhart  
D. G. Farrar  
B. M. Hughes 
F l  amma b i  1 i t y  Research Center 
Un i ve rs i t y  o f  Utah 
391 South Chipeta Way 
S a l t  Lake C i ty ,  Utah 84108 
EXECUTI YE SUMMARY 
Forward 
T h i s  r e p o r t  descr ibes research which has been conducted by t h e  
F lammabi l i ty  Research Center o f  t h e  U n i v e r s i t y  o f  Utah f o r  t h e  Nat iona l  
Aeronaut ics and Space Admin is t ra t ion ,  Ames Research Center, Mo f f e t t  
F i e l d ,  C a l i f o r n i a  under research c o n t r a c t  #NAS 2 9950. The sub jec t  o f  
t h e  research was t h e  eva lua t ion  o f  se lected f l ammab i l i t y  c h a r a c t e r i s t i c s  
o f  g lass  c l o t h  laminates o f  thermoset t ing res ins .  
The f o l l o w i n g  i s  a  summary p resen ta t ion  of t he  research r e s u l t s .  
The purposes o f  t h e  sunnnary a re  t o  h i g h l i g h t  s p e c i f i c  ob jec t i ves  and 
r e s u l t s  o f  t h e  p r o j e c t  w i t hou t  p resen t ing  t he  d e t a i  1  s o f  exper imental  
procedures o r  uncondensed data, An unabridged p resen ta t i on  o f  t h e  work 
f o l l o w s  t h i s  summary. 
I n t r o d u c t i o n  
The o b j e c t i v e  o f  t h i s  research was t o  develop a p ro toco l  f o r  t he  
eva lua t i on  o f  t h e  flammabi 1  i t y  hazards presented by g lass  c l o t h  lamin- 
a t e s  o f  thermoset t ing r e s i n s  and t o  demonstrate t h e  usefu lness of  t h a t  
p ro toco l  w i t h  t h e  two laminates which were the  sub jec t  o f  t h e  study. 
The ma te r i a l s  s tud ied  were the  g lass  laminates o f  an epoxy res i n ,  MY- 
720, and a bisrnaleimide res in ,  M-751. The p ro toco l  cons is ted  of  f ou r  
components: 
1. Determinat ion o f  smoke generat ion from t h e  laminates;  
2. Analys is  o f  products o f  o x i d a t i v e  degradat ion o f  t h e  
laminates; 
3. Determination of the  minimum oxygen concentrat ion 
necessary t o  mainta in f laming ox ida t ion  o f  the laminates 
as  a func t ion  o f  rad ian t  energy impinging upon the laminate 
( t h i s  value o f  oxygen concentrat ion i s  def ined as the 
oxygen extinguishment index o r  O E I )  and; 
4. Evaluat ion o f  the tox i co log i ca l  hazard o f  the combustion 
. products o f  the laminates. 
The combination o f  r e s u l t s  from each of t he  f o u r  components of the 
protocol  provides a sophi s t i ca ted  and r e a l  i s t i c  assessnirnt of the 
flarunabi 1 i t y  hazards o f  glass laminates, 
Sect ion I 
Smoke Evolut ion from Glass Laminates of an Epoxy Resin MY-720 
and a Bismaleimide Resin M-751 
Smoke generation under f laming condi t ions a t  2.5 and 5.0 watts/cm 2 
o f  rad ian t  heat f l u x  was determined i n  the NBS-Aminco Smoke Density 
Chamber f o r  the  two laminates. The bismaleimide r e s i n  M-751 gave 
dramat ica l ly  lower values o f  maximum spec i f i c  op t i ca l  dens i t ies  (On]) a t  
both heat f luxes. A t  2.5 wattslcmL the Dm o f  M-751 was 113 t o  1 / 2  t h a t  
2 o f  M-720. AC 5.0 watts/cm the Dm o f  M-751 was l / 4  that  o f  MY-720. 
Sect ion 11 
Analysis o f  V c l a t i  le Orgznic Compounds Produced From the 
Combustion o f  Glass Laminates o f  an Epoxy Resin MY-720 
and a Bismaleimide Resin M-751 
Combustion atmospheres were generated using a conductive heat 
furnace i n t o  a 60 a exposure chamber. The atmospheres were sampled 
by exhausting the gas atmosphere through a cooled (0") tube packed with 
porous polymer adsorbent. The adsorbent tube was transferred to a 
specially modified inlet of the gas chromatograph/ mass spectrometer 
system. The trapped volatile products were desorbed at 200°C and swept 
into the head of the GC column. The column eluent was spl it between a 
flame ionization detector and the mass spectrometer (via a jet sepa- 
rator). Degradation products from both the flaming and nonflaming modes 
of combustion were determined for both laminates. The analytical proce- 
dure was designed to detect volati le organic compounds. Products such 
as HCN, CO and C02, which were determined during the toxicological 
evaluation as part of that protocol, are reported in Section I V  of this 
summa ry . 
The volat i le organic compounds from the nonflaming combustjon of 
the epoxy laminate MY-720 consisted mostly cf C j  molecules and a 
number of benzene derivatives. For example, acetone was a major prod- 
uct, probably originating from the 1 ,  3-substituted isopropanol moieties 
of the cured resin. Other Cj products included propene nitrile and 
propene-3-01. There were a1 so appreciable quantities of C4 molecules, 
methyl-ethyl-ketone being a major one. The formation of C4 products 
requires complex mechanisms involving radical combination reactions, 
since there are no aliphatic C4 units in the cured resin. The aromatic 
materials consisted mostly of benzene, toluene, xylene, styrene, and 
benzonitrile. These compounds arise via an assortment of mechanisms of 
varying complexity involving the 1.4-substituted phenyl group which is 
plentifully distributed throughout the polymer. SO2 was also detected. 
This presumably originated from the SO2 moiety of the curing agent, 4, 
4-diamino-diphenyl-sulfone. 
The products from the  f laming combustion o f  MY-720 var ied from the  
nonflarning combustion i n  quant i ty  ra the r  than i d e n t i t y .  The r a t i o  of 
aromatic t o  a l i p h a t i c  compounds increased dramat ica l l y  duri t ig f laming 
combustion. None o f  the  v o l a t i l e  organic products observed dur ing 
-. 
e i t h e r  f laminq o r  nonflaming combustion o f  MY-720 were l i k e l y  t o  be 
primary tox icants.  
The combustion o f  the  bismaleirnide r e s i n  M-751, i n  both the f laming 
and nonflaming modes, resu l ted  i n  a lower ove ra l l  y i e l d  o f  v o l a t i l e  
organic con~pounds than d i d  combustion of the MY-720 res in.  I n  the 
nonflaming mode major products were ethanol, benzene, toluene, xylene, 
benzoni tri le, and N-methyl-2-pyrrol idone. The l a t t e r  i s  used as a 
solvent f o r  the r e s i n  dur ing prepreg formation. There was near ly  a 
complete absence o f  Cj and C4 molecules, r e f l e c t i n g  the absence of 
acyc l i c  Cg and C4 a l i p h a t i c  moiet ies in the cured res in .  The aromatic 
mater ia ls  o r i g ina ted  from the subst i tu ted aromatic groups i n  the cured 
res in .  Ethanol probably o r ig ina ted  from the maleimido po r t i on  o f  the 
r e s i n  polymer v i a  a complex mechdnisn~. I n  comparison t o  the MY-720 
res in ,  i t  i s  noteworthy tha t  f laniing ox ida t ion  o f  M-751 d i d  not r e s u l t  
i n  a r a d i c a l l y  d i f f e r e n t  product d i s t r i b u t i o n .  As w i t h  the MY-720 
res in ,  the v o l a t i l e  organic products from combustivn o f  M-751 were no t  
1 ikely t o  be primary tox icants.  
Section 111 
Oxygen Extinguishment Indices of Glass Laminates o f  an Epoxy 
Resin MY-720 and a Bismal eimide Resin M-751 Under Simultaneous 
Exposure t o  Radiant Heat 
An instrument f o r  the  determinat ion of oxygen extinguishment 
ind ices as a func t ion  o f  rad ian t  energy was constructed. The oxygen 
extinguishment index ( O E I )  a t  a given rad ian t  energy was def ined as the 
minimum concentrat ion o f  oxygen which w i l l  maint8in f laming ox ida t ion  o f  
a specimen exposed t o  the given f l u x  of  rad ian t  energy. Samples were 
exposed i n  the v e r t i c a l  plane t o  the energy f l u x  since t h i s  conf igur- 
a t i o n  was assumed t o  be representat ive o f  the most probdble end-use 
conf igurat ion. The O E I  values of the two glass laminates were deter-  
2 
mined a t  0, 2 . 5 ,  and 5.0 watts/cm o f  rad ian t  energy. There were nu 
s i g n i f i c a n t  di f ferences i n  the O E I  values o f  the two mater ia ls  over the 
range o f  appl ied  rad ian t  energies. 
Section I V  
Toxicological  Evaluat ion of the Combustion Products of Glass 
Laminates of an Epoxy Resin MY-720 and 
a Bismaleimide Resin M-751 
The t o x i c i t i e s  of the combustion products of the two res in  
systems were compared i n  the r a t  using a small-scale laboratory 
fur i~&ce/exposure system. I t  was found t h a t  there was no s i g n i f i c a n t  
d i f fe rence between the tox i co log i ca l  potencies o f  the combustion 
products of the  two resins, when compared under worst-case condit ions, 
i n  terms of both t h e i r  incapac i ta t ing  and l e t h a l  effects i n  the  r a t .  
The causal i ty o f  the  observed t o x i c i t y  o f  the combustion products o f  
, both mater ia ls  was explained fo r  the  most p a r t  by the  presence of both 
CO and HCN i n  the  combustion product atmospheres. Nei ther  mater ia l  
produced any unusua!ly t o x i c  o r  h igh l y  potent combustion products 
o ther  than those normally encountered. 
There was some evidence t h a t  surv iva l  t ime on exposure t o  the 
nonflaming combustion products o f  the bismaleimide r e s i n  may be greater  
than f o r  the epoxy res in .  This was due t o  a delay i n  the generation 
o f  both CO and HCN from the bismaleimide res in .  The effect may have 
some importance when considering occupant surv ivabi  1 i t y  i n  the post- 
crash scenario i n  a i r c r a f t .  
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FORWARD 
This repo r t  describes research which has been conducted by the  
Flamnabil i t y  Research Center o f  the  Un ivers i ty  o f  Utah f o r  she National 
Aeronautics and Space Administration, Arnes Research Center, Mo f fe t t  
F ie ld,  Ca l i f o rn ia  under research cont rac t  #NAS 2 9950. 
The research was an evaluat ion of selected flamnabi l i t y  character- 
i s t i c s  o f  two thermosetting glass laminate composites. The ove ra l l  
ob jec t i ve  o f  the research was t o  deveiop a protocul f o r  the evaluat ion 
o f  the  f lammabi l i ty  hazards t h a t  these mater ia ls  might pose i n  rea l  
f i r e s  and t o  demonstrate the usefulness o f  t h a t  protocol by the study 
o f  two laminate mater ia ls .  The work described i n  t h i s  repo r t  consisted 
o f  f o u r  areas o f  inves t iga t ion :  
1. Smoke generation. 
2. Analysis o f  products o f  combustion. 
3 .  Determination o f  oxygen extinguishment values. 
4 .  Toxicological  evaluat ion o f  combustion products. 
Accordingly, the repo r t  i s  presented i n  four  chapters which deal w i t h  
each o f  the above areas. The repor t  i s  preceeded by an ove ra l l  i n t r o -  
duct ion and succeeded by ove ra l l  conclusions t o  lend c o n t i n u i t y  t o  the 
t o t a l  p ro jec t .  The chapters have been presented as self-contained u n i t s  
which can be read separately and i n  any order. 
INTRODUCTION 
The ob jec t l ve  o f  t h i s  research was t o  develop a protocol  far  the 
-. evaluat ion o f  the f l a m a b i l i t y  hazards presented by glass c l c t h  lam- 
ina tes  o f  thermosetting res ins  and t o  demonstrate the ef fect iveness o f  
t h i s  protocol  w i t h  the two laminates which were the subject o f  t h i s  
study. The i nves t i ga t i on  involved the glass laminates o f  the two 
mater ia ls  i d e n t i f i e d  below: 
MY-720: epoxy r e s i n  based on methylene d ian i l i ne ,  cured 
w i t h  diamino diphenyl sulfone (DDS). 
M - 7 5 1 :  bismaleitnide res in  based on the react ion of m- 
naleimidobenzoic ac id  ch lo r i de  w i t h  4,4'-dian~inodiphenyl- 
methane, cured by heating t o  temperatures of 180 t o  240'C 
( the  cur ing reac t ion  probably invu l  ves f ree  rad ica l  polymeri 
za t i on  o f  the double bonds o f  th?  maleimide groups). 
The resin content of the laminates was 30 to 40 percent. 
The protocol consisted of f o g r  components: 
1 Determination o f  smoke generation from the glass laminates. 
2. Analysis of products of flaming and nonflarning oxidative 
degradation of the glass laminates, 
. 
3, Determination o f  the minlmum oxygen concentration necessary 
to maintain flaming oxidation of the laminates as a function 
of radiant energy impinging upon the laminate (this value of 
oxygen concentration is defined as the oxygen extinguishment 
index or OEI), 
4 .  Evaluation of the toxicity of the combustion products of 
the laminates using a protocol developed at the Flammability 
Research Center. 
The combination of results from each of the four components of the 
protocol provides a sophisticated and real istic assessment of the 
flamnabi 1 i ty hazards of glass laminates. 
OVERALL CONCLUS 1 ONS 
The performance uf  two glass laminate r e s i n  systems has been 
studfed i n  a range of f lamnabil i t y  tests. The tes ts  were designed t o  
~ t s t a b l  i s h  the  po teq t i a l  t h rea t  t o  exposed personnel i n  terms o f  smoke 
generation and the  t o x i c i t y  of combustion products i n  the event t h a t  the 
mater ia ls  were involved i n  a f i r e ,  w i t h  s p e c i f i c  reference t o  the  post- 
crash f i r e  scenario i n  a i r c r a f t .  
The de temina t i on  of oxygen extinguishment ind ices of the two r e s i n  
systems showed no s ign i f i can t  di f ference between the materials.  This 
r e s u l t  suggested t h a t  the 1 i kel ihood of the two mater ia ls  becoming 
a c t i v e l y  involved i n  an e x i s t i n g  f i r e  was approximately equal. The 
measurement o f  smoke generation i n  the NPS Snlvke Chamber showed t h a t  the 
bismal eimide r e s i n  outperformed the epoxy r e s i n  i n  every parameter 
studied. This suggested th?+ the hazards associated w i t h  smoke generation 
were l i k e l y  t o  be less w i th  bismaleimide r e s i n  than w i t h  the epoxy 
res in .  There was no s ign i f i can t  di f ference i n  the potency of the com- 
bust ion products of the t w o  mater ials,  when compared under worst-case 
condit ions. Nei ther  r e s i n  produced an unusual l y  t o x i c  o r  h igh ly  potent 
combustion p r ~ ) d u c t  other  than those normal ly encountered. There w a s  
some evidence t h a t  the pu ten t i a l  surv iva l  t ime might be somewhat greater  
f o r  the bismaleimide r e s i n  cdmbustion pruducts when compared t o  the 
epoxy r e s i n  combustion prbducts. This was due t o  a delay i n  the gener- 
a t i o n  of the  primary tcx icants,  and may be p a r t i c u l a r l y  important i n  
a i r c r a f t  f i r e s .  
The experiments suggested, therefore, t ha t  the bismaleimide r e s f n  
was super ior  t o  the epoxy r e s i n  when considering the ove ra l l  range of 
f lamnabil i t y  p roper t ies  of the two mater ia ls .  
SECTION I 
Smoke Evolution from Glass Laminates of an Epoxy Resin MY-720 
and a Bismaleimide Resin M-751. 
R. W. Arhart 
Section I 
'. 
Smoke Evolution from Glass Laminates of an Epoxy Resin MY-720 1 
1 
and a Bismaleimide Resin M-751. 
Smoke generation under flaming conditions at 2.5 and 5.0 wattslcm 2 
of rrdiant heat flux has been determined in the NBS-Aminco Smoke Density 
Chamber for the glass laminates of the two materials identified below: 
1. MY-720: epoxy resin based on methylene dianiline, cured 
with diarnino diphenyl sulfone (DDS). 
2. M-751: Bisrnaleimide resin based on t h e  reaction of rn- 
rnaleirnidobenzoic acid chloride with 4,4'-diarninodiphenyl- 
methane. 
The smoke parameters a r e  presented i n  Tables I and 11, Each 
mater ia l  was tested i n  dupl i c a t e  ra the r  than the  recomnended tri p l  i c a t e  
i n  order  t o  preserve mater ia l  f o r  o ther  phases o f  the  pro jec t .  The data 
fo r  the dup l ica te  runs were i n  good agreement. The smoke parameters 
0 
0 
repor ted i n  Tables I and I 1  are  the maximum s p e c i f i c  o p t i c a l  densi ty  
(lh), the  t ime t o  reach Dm (Tin), t he  t ime t o  reach D16 (Tl6)*. and the 
f i n a l  mass o p t i c a l  densi ty  (FMOD). The l a t t e r  parameter i s  one which 
has been suggested by Seader and Chien as being representat ive o f  thz 
e f f i c i e n c y  o f  smoke generation from a  mater ia l  as a  func t ion  o f  mass 
v o l a t i l i z e d  f rom the mater ia l  [I]. The mass o p t i c a l  densi ty  i s  the 
s p e c i f i c  o p t i c a l  densi ty  d iv ided by the  mass loss  o f  the mater ia l  
(Dslhm). The mass o p t i c a l  densi ty  therefore describec the  amount o f  
smoke generated per u n i t  mass loss.  
As can be seen i n  Tables 1 and 11, the M-751 laminate dramat ica l ly  
outperforms the MY -720 laminate i n  every parameter. Furthermore, i t  was 
2 observed a t  both 2.5 and 5.0 watts/cm tha t  the MY-720 laminate flamed 
much more vigorously than the M-751 laminate. The d i f fe rence i n  behav- 
i o r  of the two res ins  i s  p a r t i c u l a r l y  i n t e r e s t i n g  since the  mass losses 
from e a c h o f  the res ins  were about equal. Thus there i s  a  s ign f icant  
d i f f e rence  i n  the  FMOD values. 
*D=16 corresponds t o  75% transmittance. 
1  J .  0. Seader, W .  P. Chien, " Q u a l i f i c a t i o n  and Measurement o f  Smoke," 
paper presented a t  the  Polymer Conference Series, Flammabil i ty 
Character is t ics o f  Mater ials,  Un ivers i ty  of Utah, S a l t  Lake Ci ty ,  
Utah, Ju l y  1973. 
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SECTION I1 
Analysis of Volatile Organic Compounds Produced from the 
Combustion of Glass Ldminates of an Epoxy Resin MY-720 
and a Bismaleimide Resin M-751. 
B. M. Hughes 
D. L. Pope 
J. R. Angal 
Sect ion I 1  
Ana lys is  of V o l a t i l e  Organic Compounds Produced from the  
Combustion o f  Glass Laminates o f  an Epoxy Resin MY-720 
and a Bismaleimide Resin M-751. 
Combustion atmospheres f rom t h e  two ma te r i a l s  were generated us ing 
a conduct ive heat furnace i n t o  a 60 R exposure chamber. The atmospheres 
were sampled d i r e c t l y  by exhaust ing t he  chamber atmosphere through a 
p a r t i c u l a t e  f i l t e r  (40 pM) and then through a s ta i n l ess  s tee l  "U"-shaped 
tube t h a t  was cooled t o  0°C. The tube contained 0.25 grams of porous 
polymer adsorbent t h a t  r e ta i ned  t he  v o l a t i l e  organic  compounds from the  
combustion atmosphere. The gas sampling began a t  t h ree  mintues a f t e r  
i n i t i a t i o n  o f  combustion and cont inued f o r  e i g h t  minutes a t  a f l ow  r a t e  
o f  150 ml/min, g i v i n g  a t o t a l  sample volume o f  1.2 l i t e r s .  
The adsorbent tube was t r ans fe r red  t o  a s p e c i a l l y  mod i f ied  i n l e t  o f  
t h e  gas chromatograph/mass spectrometer system (Hewlett-Packard model 
7620A research chromatograph i n te r f aced  t o  a Hewl et t -Packard model 5930A 
mass spectrometer w i t h  t he  Hewlett-Packard model 21005 minicomputer f o r  
data a c q u i s i t i o n ) .  The trapped v o l a t i l e  gases were desorbed a t  200°C 
and swept i n t o  t he  gas chromatographic column f o r  separat ion. The 
e f f l u e n t  was s p l i t  between a f lame i o n i z a t i o n  de tec to r  (FID) and a g lass  
j e t  ~ jeparator .  The l a t t e r  was used f o r  enrichment o f  t he  e l ua te  before 
i n t r o d u c t i o n  i n t o  t he  i o n  source o f  t he  mass spectrometer. The FID 
response was standardized by i n j e c t i n g  known q u a n t i t i e s  o f  butane and 
record ing  peak areas us ing a Hewlett-Packard model 33528 l abo ra to r y  data 
system. 
The quant i  ty, Cx, o f  a given compound, x, analyzed i n  the trapped 
sample i s  dependent upon four var iables according t o  the  expression: 
Where: S = s e n s i t i v i t y  of the  GC,  as determined by i n j e c t i o n  
o f  n-butane, 
Ax = GC peak area o f  compound x, 
Rx = r e l a t i v e  GC detector  response f a c t o r  o f  compound X, and 
Tx = r e l a t i v e  t rapping ef f ic iency of x. 
I n  these experiments, published response fac to rs  [I] are  used f o r  known 
compounds and the  assumption i s  made t h a t  the  response factor  o f  each 
un iden t i f i ed  compound i s  equal t o  t h a t  o f  n-butane. I n  addit ion, i t  i s  
assumed t h a t  the t rapping e f f i c i e n c y  o f  each compound i s  equal t o  1. 
The t o t a l  amount of compound x produced i n  the combustion of mater ia ls  
i s  ca lcu lated from the amount analyzed i n  the  trapped sample by m u l t i -  
p l y i n g  C, by the r a t i o  of the t o t a l  chamber volume t o  the trapped 
volume. Since the molar response o f  each component i s  assumed t o  be 
equal t o  t ha t  of n-butane, the t o t a l  amount of each compound produced, 
i n  mi l l igrams, i s  given by: 
Cx, t o t a l  = (R,/Rs) (Ax/AS) . 0.505 m i  11 igrams 
Where: Ax = GC peak area of n-butane i n j e c t  (0.5 ml of 1% 
standard) 
MY- 720/DDS Combustion Products 
Degradation products from the f laming and nonflaming modes o f  com- 
bust ion were determined f o r  the  epoxy r e s i n  based on g l y c i d y l  e ther  o f  
methylene d i a n i l i n e  (I) cured w i t h  4.4'-diamino-diphenyl-sulfone (11). 
NHZ-6-SO2-d-NH2 
DDS 
Fiberglass laminates were supplied by NASA and combusted i n  the con- 
duct ive heat furnace M a t  was used i n  the study of the t u x i c i t y  of 
the  combustion products o f  the  t w o  mater ia ls  (Sect ion I V ) .  Figures 1 
and 2 show the GC/MS/computer analys is  o f  nonflaming combustion products 
formed a t  600°C and the f laming combustion products formed a t  660°C. 
The major i d e n t i f i e d  products have been indZcated on the Figures fo r  
c l a r i t y .  The ethanol product shown i n  Figure 2 i s  an a r t i f a c t  o f  the 
experiment and i s  produced from the ethanol which i s  added t o  the sample 
t o  ensure f laming combustion. As discussed i n  the previous s e c t i m ,  the 
flame ion i za t i on  response was used t o  ob ta in  quan t i t a t i ve  in format ion on 
these combustion mixtures and i s  summarized i n  Table I. Values i n  
parentheses i n  the t a b l e  are  corrected f o r  the r e l a t i v e  flame i o n i z a t i o n  
response o f  the i d e n t i f i e d  compound. Deta i led mass spectra f o r  each 
compound l i s t e d  i n  the tab le  are  given i n  Appendix A. 
The t o t a l  areas o f  the compounds l i s t e d  i n  the t a b l e  a re  more than 
90% o f  the t o t a l  areas measured w i t h  the flame i o n i z a t i o n  detector /  
i n teg ra to r  system used f o r  t h i s  study. As mentioned above, the  par- 
en the t ica l  values given i n  t he  tab le  are  quant i ta ted values us ing the  
. 
published flame i o n i z a t i o n  response factors r e l a t i v e  t o  n-butane. The 
correct ions made a t  most a d i f ference of a  f a c t o r  of three i n  the amount 
o f  compound measured and the data f o r  a l l  hydrocarbons shown i n  t h i s  
t ab le  should be w i t h i n  t h i s  degree of accuracy. However, s ince SO2 does 
n o t  g ive  a  s ign f i can t  flame i o n i z a t i o n  response, no attempt has been 
made t o  quan t i t a te  t h i s  degradation product from the data. Levels o f  
SO2 were subsequently determined r o  be less  than 100 ppm using standard 
chromatographic techniques. 
The mechanistic speculat ion requi red t o  r e l a t e  the products i n  
Table 1  t o  the cured r e s i n  vary from the st ra ight forward t o  the ex t re -  
mely oblique. For example, s t a r t i n g  a t  the top of the table, ~ l ~ l f u r  
d iox ide or ig ina tes  from the DDS po r t i on  o f  the polymer. The mechanism 
o f  i t s  e l im ina t i on  may vary from concerted t o  homolytic cleavage o f  
carbon-sulfur bonds. I n  e i t h e r  case, the d r i v i n s  fo rce  f o r  the reac t ion  
i s  the e l im ina t i on  o f  the very s tab le  molecule SO2 It i s  probable tha t  
t h i s  i s  a  r e l a t i v e l y  low temperature process and may be one of the f i r s t  
processes t o  occur i n  the degradation of the polymer. The formation of 
the  C4 mol ecul es, blrtadiene, butyne, and methyl e thy l  ketone, requ i re  
complex mechanisms o f  bond sc iss ion  and recombination since there are  no 
a l i p h a t i c  4 - c a r h n  u n i t s  i n  the  polylner. Acetone ar ises  from the 1,3- 
d isubs t i tu ted  propanol u n i t s  i n  the cured polymer. These u n i t s  are 
formed during the  cur ing  process by reac t i on  of the amine cur ing  agent 
with the primary carbon of the glycidyl ether unit. Propene nitrlle and 
propene-3-01 also probably arise from the isopropanol units. In the 
case of propene nitrile, addition of a nitrile radical to the 3-carbon 
unit is required. A nitrile radical is a probable species i n  the thermal 
degradation of this material because of the presence of non-aromatic 
nitrogen in both the methylene dianiline and DDS units. Benzene derives 
from the 1,4-substituted phenyl groups which are plentifully distributed 
throughout the polymer, Toluent probably originates predominantly from 
the methylene diani 1 ine units. Xylene, styrene and benzonitrile require 
complex mechanisms of formation which probabl;~ involve radical addition 
to phenyl groups. It is interesting to note the large amounts of styrene 
and benzonitrile formed in the flaming mode. No rationalization for 
this observation is offered. The formation of pyridine requires consi- 
derable mechanistic gymnastics. However, as with all unsubstituted 
aromatic species, the very stability of the molecule is the major fat 
contributing to its formation. 
M-751/DDS Combustion Prvducts 
Degradation products from the flaming and nonflaming modes of 
combustion were determined for the resin system based on the reaction of 
rn-maleirnidobenzoic acid chloride ( I  ) with 4,4'-diaminodiphenylmethane 
(11). The resin consists of a mixture of 1 1 1  and IV, the relative 
amounts of 1 1 1  and I V  being governed by the stoichiometry of the re- 
action of I and 11, The material is cured by heating tu approximately 
200°C. which affects free radical polymerization of the ethylene units 
of the N-substi tuted maleimide groups. 
Fiberglass laminates were supplied by NASA and cornbusted in the 
conductive h a t  furnace. Figures 3 and 4 show the GC/MS/cornputer 
analysis of nonflaming combustion products formed a t  490°C and the 
flaming curnbustivn products formed a t  700°C. The major pruducts have 
been identified on the figures fur c lar i ty .  
The ethanol products shuwn in Table 11, unlike t h a t  i n  Table I ,  
ar ise  from the degradation of the M-751 system, as well as from the 
sol vent added t o  ensure flaming ccmbust ion .  Discrete spectra, u p u r ~  
which the identifications in Table I 1  are based, are compiled in Ap- 
pendix A .  
Conlparison o f  the products from the epoxy resin (Table I )  and the 
bismaleimide resin (Table 11) reveals some similarit ies.  For example, 
benzene, toluene, xylene, and benzonitrile are major products from each 
resin. I n  the M-751 resin these compounds ar ise  frum the phenyl groups 
of the methylene dianiline units, which are comon to b t h  resins. The 
M-751 r e s i n  produced no acetone because of the  absence of 1,3- 
d i subs t l t u ted  Isopropanel un f ts ,  Residual N-methyl-2-pyrrolldone, which 
was used as a solvent i n  prepreg formation, was v o l a t i l i z e d  dur ing the 
thermal degradatlon and appears as one of the tnajor components of the 
combustion atmosphere. Su l fu r  d iox ide  and carbon d isu lph ide  w2rc ob- 
se r i cd  i n  the atmosphere from nonflamlng degradation (see Figures 3 and 
4) .  The observation of SO2 and CS2 i n  e i t h e r  degradation mode was not  
expected because the  r e s i n  nominally contained no sulfur.  The v a l i d i t y  
of  the observation of su l f u r  species i n  the flaming mode of degradation 
of M-751 i s  i n  doubt. 
The t o t a l  areas of the  chromatographable compounds l i s t e d  i n  Table 
I 1  a lso  exceed 90; o f  the t o t a l  compounds chromatographed. h r e  precise 
absolute data i s  given i n  parentheses i n  Table I 1  fo r  those compounds 
which have known flame ion i za t i on  responses. 
[I] id. A. Dietz, J. of Gas C ~ O X . ,  pp. 68-71 (1967). 
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Table I 
Q u a n t f t a t i v e  Analys ls  o f  Combustion Products Formed i n  the 
Nonflaminq (600°C) and Flaming (68g°C) Combustion of 
'1Y-72C/DDS Glass Laminates 
Retent ion Time 
M!~u tes  
-.- 
7.0 
9.88 
10.15 
10.70 
12.20 
13.02 
13.07 
13.33 
14.40 
15.90 
16.45 
17.48 
18.00 
18.54 
19.86 
20.12 
21.36 
22.36 
23.06 
25.50 
25.61 
26.91 
Compound 
s u l f u r  d i ox i de  
i sobutene 
1,3-butadienelbutyne 
ethanol 
acetone 
carboll d i  bu l  fi de 
propene n i t r i l e  
propene-3-01 
methyl - e thy l  -ketone 
benzene 
N. I . '  
N. I .  (Mw = 84) 
to1  uene 
p y r i d i n e  
N. I .  (Mi4 = 104) 
xylene 
syt rene 
N.I .  (MW = 166) 
N.I .  
benzoni tri l e  
N.I. 
N . I .  
Amount Produced 
(ma butane/gm) 
Nonf 1 ami n a  F l  ami n q  
N.Q." ti. Q. 
0.24 - - 
0.29 - - 
- - 3.95 
1.39 ( 3 . l ) b  0.29 (0.64) 
0.15 0.29 
0.18 - - 
0.59 - - 
0.77 - - 
1.26 (1.65) 3.02 (3.93) 
0.25 - - 
0.11 - - 
1.14 (2.2) 0.72 (1.39) 
0.23 - - 
- - 0.2 
0.54 (1  .i) - - 
9.25 1.36 
o . i n  - - 
r1.15 - - 
O N . @ .  - no t  quan t i f i ed  
Lvalues i n  pdrentheses a re  corrected f o r  r e l a t i v e  flame 
i o n i z a t i o n  responses f o r  butane and the i d e n t i f i e d  
compound 
ct4.1. - no t  i d e n t i f i e d  
Table I 1  
Quan t i t a t i ve  Analysis of Combustion Products Fonned i n  the 
Nonflaming (490°C) and Flaming (700°C) Combustion o f  
M-751 Glass Laminates 
Retention Time 
Minutes 
Amount Produced 
(mg butane/gm) 
Compound Nonf 1 ami n g  Flaming 
su l fu r  d iox ide  N.Q." N.Q. 
ethanol 0.2 ( 0 . 3 8 ) ~  0.31 (0.58) 
i sobutane/butane/propanol 0.06 - - 
acetone - - 0.06 (0.131 
carbon d i s u l  f ide/propeneni tri l e  0.02 0.69 I I 
N. 1 .C  0. O i  -- 
methyl e t h y l  ketone 0.01 (9.02) 0.03 (0.07) I 
benzene 0.78 (1.0) 0.84 (1.1) 1 
N . I .  (MW = 100) 0.05 - - ? 
m e t h a c r y l ~ n i  t p i l e / v i n y l  acetoni t r i l e  -- 0.01 1 
4-methyl-2-pc .itanone/Z-hexane/ 1 
methyl i c , ~ b u t y l  ketone 0.15 0.02 
to1 uene 0.68 (1.31) 0.24 (0.46) 
xylene 0.14 (0.27) 0.04 (0.08) 
N . I .  0.06 - - 
N . I .  0.08 - - 
benzon i t r i l e  0.35 (0.68) 0.23 (0.51) 
9.1. (MN = 116) 0.08 0.02 
2-methyl -pyr ro l  i done 0.82 0.13 
N . I .  (MW = 117) - - 0.04 
N.I .  (MW = 128) -- 0.05 
aN.Q. - not quan t i f i ed  
bval ues i n  parentheses are corrected f o r  re1 a t i  ve flame 
ion i za t i on  responses f o r  butane and the i d e n t i f i e d  
compound 
CN.1. - not  i d e n t i f i e d  
OR"& PAGE IS 
OF POOR QUAI In. 



Appendix A 
MASS SPECTRA OF COMPONENTS IDENTIFIED AS CORBUSTION PRODUCTS 
IN TABLES I AND 11 
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Section I11 
Oxygen Extinguishment Indices of Glass Laminates o f  an Epoxy Resin 
MY-720 and a Bismaleimide Resin M-751 Under Simultaneous 
Exposure to Radiant Heat 
Introduction 
Glass laminates of eDoxy resins would no t  be expected to be the 
primary origin of a  f i r e  because of their  relatively high levei of 
flame retardance. Their good flame retardant characteristics are thc 
result of the low flammability of the resin and the diluent effect of 
the glass substrate. The most likely f i r e  scenario for f l a t    lass 
laminates i s  one in which the laminate i s  subjected t o  radiant energy 
from a f i r e  which i s  reniote t o  the laminate. The propensity o f  the 
laminate t o  beconie involved i n  the f i r e  i s  probably most dependent on 
the radiant energy i m p i n g i n g  upon  the sample and the concentration of 
oxygen in the atmosphere around the sample. Therefore, a  proper and 
rea l i s t ic  tes t  procedure for  these materials would involve the obser- 
vation of  a  chosen flammability chhracteristic of the laminate as a 
function uf radiant energy i n l p i n g i n q  the surface and oxy2en concentra- 
tion uf  the atmosphere around the sample. 
Such a  flammability tes t  has been developed by A .  Tewarson [ I ] .  
I n  Tewarson's device, a  saniple in a  large glass tube i s  displayed 
hor i~o i~ ta l  l y  t o  radiant energy. The oxygen concentration of the a t -  
mosphere, which enters the bot tom of the tube and  flows past the sample, 
i s  regulated. After igniting the sample, Tewarson measured parameters 
such as rate of mass loss, ra te  of heat loss, smoke evolution and 
oxygen extinguishment index, For the work described i n  t h i s  repo r t  
a device s i m i l a r  t o  Tewarson's, but o f  more l i m i t e d  scope *as con- 
structed. 
The ob jec t  o f  t h i s  work was t o  measure the oxygen extinguishment 
index  of  two glass laminates of epoxy r e s i n  and bismaleimide res in .  
The oxygen extinguishment index (OEI) i s  the minimum concentrat ion o f  
oxygen which w i l l  maintain f laming ox ida t ion  o f  a sample which i s  ex- 
posed simultaneously t o  a given f l u x  o f  rad ian t  energy. The term 
oxygen extinguishment index (OEI) i s  used instead o f  l i m i t i n g  oxygen 
index (101) t o  avoid confusion w i t h  the r i g i d l y  defined ASTM t e s t  pro- 
cedure f o r  the determination o f  the l a t t e r .  I n  the t e s t  procedure 
used i n  t h i s  work a v e r t i c a l l y  displayed laminate was subjected t o  
rad ian t  energy and was i g n i t e d  w i t h  a p i l o t  flame. The oxygen concen- 
t r a t i o n  of the atmosphere f lowing around the sample was then decreased 
u n t i  1 flaming ox ida t ion  ceased. The oxygen concentrat ion a t  ext inguish-  
ment i s  def ined as the oxygen extinguishment index (OEI). A v e r t i c a l  
d i sp lay  of the sample was chosen f u r  t:vo reasons. F i r s t ,  i t  enabled 
c loser  placement of the rad ian t  energy source t o  the sample, thereby 
a l low ing higher heat fluxes. Second, a v e r t i c a l  d isp lay  i s  probably the 
most common arrangement the laminates w i  11 have i n  actual  use. Thus, the 
combination o f  v e r t i c a l  d isp lay  o f  sample and environment o f  rad ian t  
energy and var iab le  oxygen concentrat ion was intended t o  fu rn i sh  a 
r e a l i s t i c  assessment o f  the tendency of f l a t  glass laminates t o  become 
a c t i v e  components of a f i r e .  Furthermore, the authors bel ieve t h a t  the 
t e s t  procedure presented i n  t h i s  repo r t  when used i n  combination w i t h  
1 i m i t i n g  oxygen index values o f  neat resin, t ox i co log i ca l  evaluat ion of 
combust ion products, and chemical analysis of combustion products 
results in a sophisticated, rea l i s t ic  assessment o f  the f lamabil i ty  
hazards o f  glass laminates. 
Experimental 
Apparatus 
A photograph of the  instrument used for determination o f  the 
oxygen extinguishment index i s  shown in Figure 1 .  A labeled 
schematic o f  the instrument i s  shown in Figure 2 .  I n  the following 
discussion the numbers i s  parenthesis refer t o  the appropriate items 
in Figure 2. 
Oxygen, nitrogen, and a i r  were introduced t o  the mixing chamber 
( 1 )  via individual flownleters ( 2 ) .  After e>.iting the mixing chamber 
the atntosphere was introduced a t  the bot tom of the glass cylinder 
through three synretrical l y  positioned inlet  ports ( 3 ) .  To disperse 
the gas and ensure an even nonturbulent upward f low,  the bottom o f  the 
glass cylinder ( 4 )  contained a six inch high stainless steel cylinde~. 
( 5 )  which was f i l l ed  w i t h  glass spheres o f  dianieter 1 cm. The dianieter 
of the steel cylinder (O.D., 6 7/16") was nearly equa! to that of t h e  
glass 2ylinder ( I D ,  6 3 1 4 " ) .  The small dead space ( 6 )  between the 
steel cylinder and glass cylinder was f i l l ed  with asbestos matting and 
glass wool. The flow rate of atmusphere through the glass cylinder was 
a constant 1 G/sec for a1 1 experiments. That flow rate translated t o  
4 . 3  cm/sec vertical velocity in the glass cylinder. 
The samples consisted cf squares of material, three inches by 
three inches. The polymethyl methacrylate (PMMA) specimens were .250 
inches t h i c k .  The g lass  laminates were a l l  . I25 2 ,010 inches t h i c k .  
Samples were contained i n  NBS-Ami nco Smoke Densi ty  sample ho lders  ( 7 ) .  
The specimens were backed w i t h  one l a y e r  o f  aluminum f o i  1 and a 1/2 
inch t h i c k  l a y e r  o f  t r a n s i t e .  The exposed area was a square, 2 3/4 
. 
X 2 314 inches. Surfaces were exposed i n  t h e  v e r t i c a l  p lane t o  r a d i a n t  
energy from tungsten f i l a m e n t  lamps (8) .  The samples were i g n i t e d  w i t h  
t h e  methane-fueled p i l o t  f lame ( 9 ) .  
The atmospherz i n  the  g lass  c y l i n d e r  was sampled v i a  t h e  sampling 
tube ( l o ) ,  which was pos i t i oned  behind t h e  specimen and a t  t h e  l e v e l  
of the  midsect ion o f  t he  specimen. A vacuum pump con t inuous ly  p u l l e d  
chamber atmosphere f rom the  sampling tube a t  a f l o w  r a t e  o f  200 ml/min 
through one loop  o f  a two loop sampling device.  The o ther  loop  was 
connected d i r e c t l y  t c  t h e  i n j e c t i o n  p o r t  o f  t he  gas chromatograph. 
I n j e c t i o n  was performed by sw i tch ing  the  dev ice such t h a t  t h e  r o l e s  o f  
t h e  two luops were reversed. I n  t h i s  manner a small constant a1 i quo t  
of chamber atmosphere could  be i n j e c t e d  r a p i d l y  and reproduc ib ly .  
The gas chromatograph was equipped w i t h  a column ( s t a i n l e s s  s t ee l ,  
t h ree  ft by 118" O.D.) o f  5A molecular s ieve, 100/120 mesh, and a 
thernihl condtrct i v i  t y  de tec to r .  The oven was maintained a t  40°C. 
Th is  a n a l y t i c a l  system detected o n l y  oxygen and n i t r ogen .  Since the 
molar responses of the  thermal c o n d u c t i v i t y  de tec to r  t o  uxygen and n i t r o -  
gen a re  equal, i n t e g r a t i o n  o f  t he  pebks expressed t he  concen t ra t i o r~s  
o f  oxygen and n i t r ogen  d i r e c t l y .  I n t e g r a t i o n  was perfurnled au tuma t i ca l l y  
w i t h  a Hewlett-Packard Model 3352 B Laboratory  Data System. The r e -  
sponse t ime from sampling p o r t  t o  GC i n j e c t i o n  p o r t  was l ess  than 
t h r e e  seconds. 
The two lamps (8) each contained six tungsten filament quartz 
lamps. With the geometric arrangement of lamps and sample it was possible 
to generate a continuous range of radiant energy from 0 to 8.5 watts/cm 2 
at the sample surface. Pawer to the lamps was regulated with a 10-turn 
botentiomater. The lamps were calibrated with a radiant calorimeter 
which was positioned at the middle of the sample plane. A plot of 
radiant energy versus potti~tiometer setting was nearly linear. The 
power output of the lamps was reproducible to t 5Y.i for individual 
settings of the potention!eter. Warm-up time for the lamps, from the 
time of energization to the time of equilibrium radiant energy, was 
approximately 10 seconds. 
Procedure 
The pilot flame (9) was lit with a small torch of methanol-soaked 
glass wool sinlultaneous with energization o f  the lamps. The pilot flame 
was maintained for as l o n g  as necessary to obtain sustained burning of 
the sample in the absence of the pilot flame. This took from three 
2 2 minutes at 0 wattslcm tu a few seconds at 5.0 watts/cm of radiant 
energy. With the san~ple burning in a sustained manner, the oxygen 
concentration was decreased incrementblly, raising the nitrogen level 
simultaneuusly, so that the total flow rate was not varied more than 5 
lo2. When the flame was extinguished the twu-way valve at the sampling 
loop device was turned to inject a sample of chamber atmosphere into the 
gas chromatograph. 
Oxygen Extinguishment Indices were determined in trip1 icate at 0, 
2 2.5 and 5.0 watts/cm of radiant energy. In tb,e case o f  the bismaleirnide 
resin, erratic sample behavior required the performance of more than 
three runs. The three most re1 iable runs, as determined by operator 
judgement, were reported. 
Results and Discussion 
Polymethylmethacrylate (PMMA) was evaluated in order to determine 
the level of reproducibility of the instrument, PMMA repres~nting a 
we1 1-behaved standard material. The oxygen extinguishmerit indices 
(OEI values) for trip1 icate runs of PMMA at 0 and 2.5 watts/rm2 o f  
radiant energ;) are shown in Table I. The values indicate that a reproduci- 
bility of 2 0.2L oxygen is attainable with well-behaved materials. 
Well-behaved materials are defined sinply, as ones which burn steadily 
~ n d  smuuthly . 
The glass laminates of MY-720 were well-behaved. The OEI values 
in Table I 1  reflect this chardcteristic. The values for 0 and 2.5 
w~ t t s / c a ~  were uf the sane consistency as thuse fur PMMA. Sun~e modest 
L spread develuped in the 5.0 wattslcm experiments. A t  this high flux 
the vigorous burning and rapid fuel depletion rate required a faster 
deterrrtinatiuri uf the OEI, which introduced a greater level u f  errur. 
Comparing the OEI v6lues of MY-720 lbminates and PMMA, it i s  nut 
surprising that the OEI values of MY-720 are considerdbly higher than 
thuse of PMMA. The epoxy resin would be expected tu be inherently less 
flammable thirr~ PMt+lA on the basis of chemical structure and char furmstiun. 
PMMA has noaromatic structure tnd fvrrils nuchar. In addition, the 
diluent effect of the glass substrate should be substantial. 
The data f o r  both the  laminate mater ia ls  includes percent t o t a l  
weight loss  ( %  AN) from the  specimen. Since the amount of r e s i n  i n  each 
laminate was 30 t o  40 percent, and therefore, the t o t a l  f u e l  content of 
each specimen was r e l a t i v e j y  small, i t  was necessary t o  achieve ex t i n -  
gut  shmctt: b e f ~ r e  a h igh weight loss  had occurred. A cond i t ion  fo r  an 
acceptable burn was t h a t  the  t o t a l  percent weight loss  was - < 15 percent, 
The percent weight losses are shown i n  Tables 1 1  and I 1 1  f o r  the glass 
laminate mater ia ls .  For PMMA weight loss  was not  a considerat ion 
because the specimens contained la rge  amounts of fuel and because the 
mater ia l  v o l a t i l i z e d  completely, forming no char. 
The bismaleimide laminate was not  a well-behaved mater ia l .  Burning 
occurred w i t h  sput ter ing and popping, I n  some cases the specimen sput- 
tered so v i u l e n t l y  t ha t  the flame was extinguished prematurely, requ i r i ng  
r e l i g h t i n g .  The inconsis tent  behavior o f  t h i s  laminate i s  r e f l e c t e d  i n  
t he  r e s u l t s  i n  Table 111, which e x h i b i t  considerable spread. The values 
reported i n  Table 111 were the r e s u l t s  o f  runs which burned most 
smoothly. A t  l e a s t  as many run5 -.-.;e discdrded because o f  extremely 
e r r a t i c  specimen burning. Despite the greater  inaccuracy i n  the Fi-751 
determination, i t  i z  apparent t h a t  there i s  nu s i g n i f i c a n t  d i f fe rence i n  
the  OEIts  o f  M-751 and MY-720 laminates. 
Conclusions 
An instrument has been developed f o r  the determinat ion o f  uxygen 
extinguishment ind ices of f l a t  nunmel t i n g  mater ia ls  expused v e r t i c a l l y  
t o  rad ian t  energy. The instrument was shown to  g ive oxygen ext inguish-  
ment ind ices which were reprud~: ib le  t o  + 0.2 percent oxygen when we1 1- 
behaved specimens, such as PMMA, were employed. 
The behavier o f  the twc glass laminates of M-751 and M'i-720 
during flaming oxidation differed considerably. The bismaiei-.,ide 
resin laminate (M-751) sputtered and, i n  general, burned erratically.  
The epoxy r e s i ~  laminate (MY-720) burned evenly. Because of the 
inconsistent behavior of the M-751 laminate, the determination of 
oxygen extinguishment indices were less accurate than those of MY -720 
laminates. The accuracy of this  measurement was sufficient,  however, 
t o  support the conclusion that the two resins did n o t  exhibit s ignif i -  
2 cantly different OEI vajues a t  0, 2.5 and 5.0 wattslcm ~f radiant 
energy. I t  i s  concluded from these results that the requirements of 
the t w o  laminates for active involvement in existing f i r e s  are 
appr3ximately equal. 
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TABLE I 
OXYGEN EXTINGUISHMENT 1 NDICES OF PMMA 
Radiant  Energy ( w a t t s l c r ~ ~ )  
average  OEI = 16.1 ave rage  OEI = i 0 . 4  
T A B L E  I 1  
CX'r'GEN EXTINGUISHMEldT INDICES O F  MY-720 LAMINATE 
ave rage  OEI = 22.7 average  OEI = 16.9 ave rage  OEI = 11 .9  
TABLE I11 
OXYGEN EXTINGUISHMENT ItlDICES OF M-751 LAMINATE 
5 . 0  watts/crn 2 
OE I XCGI 
average OEI = 22.8 average OEI = 16.4 average O E I  = 12.2  
F i g u r e  1 .  rno:ocrapr, o f  i n s t r d ~ e n t  f o r  deterr!ndt;on of  orgcer, 
e x t ' n ~ a ' s h r p n t  ind i c e s  a s  f u r , c t i o n  o f  r a d i a n t  energj '  
Figure 
N2 O2 Air 
2. Schematic of instrument f o r  determination o f  oxygen 
extinguishment indices. 
LIST OF COMPONENTS FOR EXPERIMENTAL APPARATUS IN 
FIGURE 2 ,  
- 1 mixing chamber - composed of 1 /4 inch thick polymethylmethacrylate 
8" X 3" X 3", filled with glass spheresof 1 cm diameter. 
2. flow meters, Matheson Gas Products, East Rutherford, N.J. 07073, 
P.O. Box 85, 932 Paterson Plank Road. 
3. three gas inlet lines (tygon tubing) to bottom of glass cylinder, 
symnetrical ly spaced. 
4. pyrex glass cylinder 17.5 cm O.D., wall thickness 3 mm, 60 cm long. 
5. stainless steel cylinder, 16.7 cm O.D., wall thickness, 3 mm, 15.0 
cm long. 
6. dead space filled with asbestos matting and glass wool. 
7. NBS-Aminco Smoke Density sample holder and sample. 
8. Model 5208 high density radiant heaters, Research Incorporated, 
Box 24064, Minneapolis, Minnesota 55424. Lamps powered by a 
Model 646 Phaser power control 1 er, Research Incorporated. 
9. pilot flame ( C H 4  gas) apparatus; constructed of a horizontal tube 
closed at both ends with a single line of holes; produced a flame 
the length of the bottom of the specimen. 
10, atmosphere sampl ing tube, stainless steel, I/&" O.D. tubing. 

Section I V  
Comparative Toxicological  Evaluat ion o f  the Combustion Products 
o f  Glass Lamlnates of an Epoxy Resin MY-720 and a 
B i  smal eimide Resin M-751 
In t roduc t ion  
The F l a n a b i  1 i t y  Research Center has developed and standardized a 
screening protocol designed t o  determine the t o x i c i t y  o f  the  combustion 
products of mater ia ls  [I]. A wide range o f  mater ials,  d i f f e r i n g  i n  both 
t h e i r  physical and chemical proper t ies,  have been tested i n  t h i s  proto-  
co l  [ I ,  2, 31. The primary ob jec t ives  o f  these experiments have been t o  
determine the absolute t o x i c i t y  of the combustion products of mater ia ls  
and t o  determine, where possible, the cause o f  the observed t o x i c i t y .  
Although the e f fec ts  of tox icants  such as carbon monoxide and hydrogen 
cyanide o f ten  dominate the observed t o x i c i t y ,  the p o s s i b i l i t y  o f  a r o l e  
f o r  other  tox icants i n  the ove ra l l  e f fec t  always remains. Indeed, there 
have been frequent repor ts  of s i g n i f i c a n t  cont r ibu t ions  o f  a c i d  gases 
[2 ,  41, aldehydes [5, 61 and more exqu is i t e  tox icants  [7, 8) t o  the  
ove ra l l  t o x i c i t y  o f  the products o f  combustion o f  var ious mater ia ls .  
The object ives of the current  study were t o  compare the t o x i c i t y  o f  
the  combustion products o f  an epoxy r e s i n  w i t h  t h a t  o f  a bismaleimide 
res in,  and t o  es tab l ish  the primary causes o f  the t o x i c i t y  observed. 
This in format ion can then be used i n  conjunct ion w i t h  the  r e l a t i v e  f lam- 
m a b i l i t y  and smoke-generating proper t ies  o f  the  two  ma-cr ia ls  i n  the  
decision-making process leading t o  the  recodmendation o f  mater ia ls  w i t h  
improved proper t ies f o r  end-use appl i c a t i o n  as s t ruc tu ra l  composite 
mater ia ls  i n  a i r c r a f t .  
Methods 
Combustion Device 
Combustion products were generated us ing the  furnace described by 
Pot ts  and Lederer [6]. This i s  a v e r t i c a l  closed-end tube furnace i n  
which conductive heat i s  supplied t o  the sample by nichrcme heat ing 
elements, The sample i s  held i n  a quartz beaker (12.5 cm high; 6 cm 
diameter). The temperature o f  the furnace i s  con t ro l l ed  by a propor- 
t i o n a l  temperature con t ro l l e r ,  the temperature a t  the base o f  the  beaker 
being detected by a chrome1 -alumel thermocouple. 
Nominal combustion product concentrations were ca lcu la ted  using the 
fo l low ing equation: 
3 Mass of mater ia l  consumed Concentration (grnirn ) = Val. of chamber 
The mater ia ls  were combusted under the two condi t ions def ined by 
Pot ts  and Lederer [6]. These were: 
1, Non-flaming -- the maximum temperature a t  which a 
mater ia l  can be combusted wi thout  au to ign i  t i o n  
occurr ing. 
2. Flaming -- the minimum temperature a t  which flaming 
combustion can be i n i t i a t e d  and maintained i n  the 
presence o f  an external i g n i t i o n  source (hot  nichrome 
w i re  w i t h  f i v e  drops of ethanol added t o  the sample). 
Loadings of materid! were var ied under the two combustion condi t ions,  
t o  a1 low a range of combustion product concentrat ions t o  be generated. 
Exposure System 
The f c ~ n a c e  was in te r faced w i t h  the f l o o r  o f  a 60-1 i t e r  exposure 
chamber (Figure 1). The chamber, which was constructed o f  polymethyl 
methacrylate, was o f  a regu lar  octagonal conf igurat ion.  The chamber was 
. 
approximately 45 cm high, and had a maximum diameter o f  approximately 45 
cm. A p o r t  was present of each o f  f o u r  faces o f  the chamber, t o  accom- 
modate the  i n t roduc t i on  o f  animal r e s t r a i n i n g  tubes, I n  t h i s  way, r a t s  
were exposed t o  the combustion products i n  a head-only conf igurat ion.  
The head o f  each r a t  was approximately 14 cm above the  f l o o r  of the 
chamber. A door on a f u r t h e r  face o f  t he  chamber provided access t c  the  
sample beaker. Two sampling po r t s  which were placed a t  the l e v e l  of the 
animals allowed the  withdrawal of a l i quo ts  o f  the atmosphere fo r  gas 
analyses. The environmental t cmperature was monitored a t  the l eve l  of 
t he  animals using a chromel-a;umel thermocouple w i t h  an external  co ld  
j unc t i on  as a reference. The output was recorded on a s t r i p  char t  
recorder. An aluminum cone coated w i t h  po l y te t ra f  luoroethylene was 
p lace above the mouth o f  the furnace. The cone served two funct ions: 
1 ) t o  sh ie ld  the  animals from rad ian t  heat produced from the furnace, 
and 2)  t o  a i d  i n  the d i s t r i b u t i o n  and mixing of the combustion products 
by c rea t ing  convection currents. Previous evaluat ion of the chamber has 
shown tha t  the mixing o f  the combustion products i s  rap id  and t h a t  
i n s i g n i f i c a n t  s t r a t i f i c a t i o n  o f  the  v o l a t i l e  components o f  the atmosphere 
ex i s t s .  
f ox i co log i ca l  Evaluat ion 
Male Long-Evans r a t s  were used i n  t h i s  study. Animals were held 
in-house f o r  two weeks p r i o r  t o  exposure and were weighed on a regu lar  
basis. They were caged i n d i v i d u a l l y ,  w i t h  food and water ava i l ab le  ad 
Figure 1 . Laboratory-scal  e furnaceiexposure system. 
Zibitwt. Rats e x h i b i t i n g  normal growth pa t t e rns  w i t h  a body weight i n  
t h e  range o f  400-450 gm were se lec ted  f o r  exposure. I n d i v i d u a l  exper- 
iments invo lved  t h e  exposure of f o u r  r a t s  t o  a se lected combustion 
product  concen t ra t ion  f o r  a pe r i od  of 30 minutes. Rep1 i c a t e  experiments 
'were conducted a t  each combustion product  concent ra t ion.  The t o x i c i t y  
was assessed i n  terms of  i ncapac i ta t ion ,  l e t h a l i t y ,  t h e  post-exposure 
recovery  of s u r v i v i n g  r a t s  and a gross pa tho log i ca l  examination o f  each 
exposed animal. 
I ncapac i t a t i on .  I ncapac i t a t i on  was determined by t he  assessment o f  
t h e  a b i l i t y  of each r a t  t o  perform t h e  l e g - f l e x i o n  avoidance response 
du r i ng  exposure t o  t he  combustion product  atmosphere. Th is  behavioral  
paradigm requ i res  t he  t r a i n i n g  of t h e  r a t  t o  avo id  t he  r e c e i p t  o f  an 
e l e c t r i c  shock (1-5 mi l l iamps;  10 ms dura t ion ;  12.5 hz) which i s  de- 
l i v e r e d  across t he  foot.  The methodology used f o r  t h i s  measurement was 
s i m i l a r  t o  t h a t  descr ibed by Packham cr J: [9]. Rats were t r a i n e d  t o  
perforrr t he  response f o r  a pe r i od  o f  15 minutes immediately p r i o r  t o  t he  
exposure. They were then requ i red  t o  perform the  response du r i ng  t he  
e n t i r e  30 minute exposure per iod,  o r  u n t i l  such t ime t h a t  they were 
unable t o  perform the  response (cont inued lack  of avoidance f o r  a 
pe r i od  o f  10 secs), a t  which t ime they were considered incapac i ta ted .  
The t ime of i n c a p a c i t a t i o n  ( T i )  f o r  each animal was recorded. 
L e t h a l i t y  and Post-Exposure Procedure. The occurrence of any death 
w i t h i n  t h e  30 minu te  exposure was recorded. Surv iv ing  animals were 
r e ta i ned  f o r  a 14 day post-exposure per iod.  Any deaths occu r r i ng  du r i ng  
t h i s  pe r i od  were a l s o  recorded. I n  add i t i on ,  s u r v i v i n g  r a t s  were ob- 
served on a d a i l y  bas is  and t h e i r  general  c o n d i t i o n  was assessed us ing 
t h e  c r i t e r i a  d e t a i l e d  i n  Appendix A. Su rv i v i ng  r a t s  vc re  a l s o  weighed on 
a r egu la r  bas is  throughout t h e  post-exposure per iod.  
Blood Analysis.  Two o u t  of each group o f  f o u r  r a t s  t h a t  were 
exposed t o  t h e  va r ious  combustion product  atmospheres possessed an 
i n d w e ? l i n g  a r t e r i a l  cannula. The cannula was p laced i n t o  t h e  r i g h t  
femoral  a r t e r y  under b a r b i t u r a t e  anesthesia (sodium pen toba rb i t o l )  a t  
l e a s t  24 hours p r i o r  t o  exposure. Small volumes o f  a r t e r i a l  b lood were 
drawn frcm these r a t s  a t  s i g n i f i c a n t  t imes du r i ng  t h e  experiment, these 
be ing p r i o r  t o  exposure, a t  T i ,  and a t  t h e  end of t h e  exposure. The 
b lood samples were analyzed f o r  acid/base s ta tus  (pH), d i sso lved  oxygen 
content  (PO2) and d isso lved  carbon d i o x i d e  content  (PC02) us ing a 
Radiometer BMS 3NK2 Blood Micro System. The l e v e l s  of oxyhemoglobin 
(02Hb) and carboxyhemoglob:n (COHb) i n  t h e  blood were a l s o  measured 
us ing  an I n s t r u ~ e n t a t i o n  Labora to r ies  IL-282 CO-Oximeter. I n  t h e  event 
o f  tCle death o f  an acimal dur ing  the  exposure, a blood samrle was crb- 
t a i ned  by card iac puncture a t  t he  t e rm ina t i on  o f  t h e  experiment f o r  C O H t  
measurement. 
Gross Pathology. Eac9 exoosed animal was subjected t o  necropsy. 
Th is  was conducted e i t h e r  a t  t h e  t ime of death ( o r  as soon as poss ib l e  
a f t e r  death) o r ,  i n  t he  case of  su rv ivo rs ,  14 days a f t e r  the exposure. 
I n  t h e  l a t t e r  case, animbls were s a c r i f i c e d  w i t h  an i. p. i n j e c t i o n  of 
sodium pen tabarb i to l .  The eva lua t ion  was conducted us ing a standardized 
schedule (F igure  2 ) .  
Potency o f  Combustion Atmospheres. A f i r s t  s tep comparison Letweeq 
m a t e r i a l  s was obtained by comparing the  overa 11 t o x i c o l o g i c a l  potenc ies 
o f  t h e  combustion products i n  terms of  t h e i r  i n c a p a c i t a t i n g  and l e t h a l  
e f fec ts .  To o b t a i n  t h i s ,  t he  r e l a t i o n s h i p  between t he  percentage of t he  
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population af fectcd versus the concentration o f  combustion products was 
established employing the s t a t i s t i c a l  methodology described by M i l l e r  
and Tainter [lo]. This re la t ionsh ip  was obtained f o r  both incapacitat ion 
and death. The ECS0 (concentration causing incapacitat ion i n  50% of the 
' 
'exposed animal population) and LCgO (concentration causing death i n  50% 
of the exposed animals) values were calculated f o r  both combustion 
cond!tions. The var ia t ion of thrse values was recorded i n  terms o f  the 
standard error  (s.e.) o f  the mean. 
Atmosphere Analysis. The concentrations of carbon monoxide (CO) , 
hydrogen cyanide (HCN), carbon dioxide (Cop) and oxygen (02) i n  the 
combustion atmospheres were determined by the gas chromatographic analysis 
of al iquots which were drawn a t  regular intervals.  The de ta i l s  o f  the 
analyt ical  procedures used f o r  specific atmospheric constituents are 
reviewed e l  sewhere [I 11. The 1 eve1 s of C@ and HCN detected were expressed 
i n  parts per m i l l i o n  (ppm). Oxygen and C02 levels were expressed as a 
percentage. The a b i l i t y  o f  a material t o  generate a specif ic toxicant 
was also assessed i n  terms of i t s  "toxicant generating capacity" (TGC). 
This was calculated f o r  speci f ic  toxicants using the equation: 
a x chamber vo1. x MW x 10- 3 TGC:mg toxicatltlgm material ) = P" sample w t .  x 25./9G 
a peak leve l  detected. 
mole volume i n  Sa l t  Lake City, 
TGC values f o r  both CO and HCN were derived fr,\m each material a t  the 
various combustion product concentrations generated and were expressed 
as the mean value r standard deviation. These estimates were made for 
both flaming and nonflaming combustion and corrected f o r  the a l t i t u d e  i n  
I 
S a l t  Lake Ci ty .  This data was used t o  ca lcu la te  the  approximate con- 
centrat ions o f  CO &nd HCN a t  the  LC50 and EC50 values. 
Mater ia ls  
-. The two samples used i n  t h i s  study were supplied by NASA-Ames. 
Both samples consisted o f  mu1 t i - l a y e r s  of f iberg lass c l o t h  bound to-  
gether w i t h  r e s i n  i n  the  form of "prepregs". Each sheet was approxt- 
mately 3 mn i n  thickness. 
The r e s i n  i n  one sample was an epoxy r e s i n  based on methylene 
d i a n i l  ine, cured w i t h  diamine diphenyl sulphone. This baseline mater ia l  
was i d e n t i f i e d  as MY-720 and i s  referred t o  as " the epoxy res in"  i n  
the  tex t .  The second sample contained a bismaleimide r e s i n  based on the  
reac t ion  of m-maleimido benzoic ac id  ch lor ide  w i t h  4, 4'-diamino diphenyl 
methane. This sample was i d e ~ t i f i e d  as K-751 and f s  re fer red t o  as " the 
bismaleimide res in"  i n  t h e  tex t .  
Results 
Combastion Temperature 
The furnace temperatures used t o  achieve combustion of t he  mater ia ls  
' i n  the  two modes are de ta i l ed  i n  Table 1. The nonflaming temperatures 
var ied  subs tan t i a l l y  between the  two mater ia ls .  The nonf laming ttmper- 
a tu r f  + he bismaleimide r e s i n  was 490°C, whereas t h a t  of the epoxy 
r e s i n  was 600°C. A t  temperatures above 490°C, the bismaleimide r e s i n  
was seen t o  f lash.  However, continuous f laming c o ~ ~ b u s t i o n  could no t  be 
achieved u n t i l  the temperature was ra i sed  t o  700°C. Continuous f laming 
combustion was achieved w i t h  the epoxy r e s i n  a t  680°C. 
Residue A f t e r  Combustion 
The amount o f  residue remaining a f t e r  the combustion o f  the epoxy 
r e s i n  was of the order of 755 a f t e r  both types o f  combustion. Residues 
o f  72% and 63% respect ive ly ,  were obtained w i t h  the bismaleimide r e s i n  
a f t e r  nonf laning and flamiog combustion. Tnese residue, f o r  the  most 
par t ,  consisted o f  the i n e r t  f iberg lass component of the prepregs. I t 
was n c t  p ~ s s i b l e  t o  determine w i t h  confide;:r,e the presence o f  char 
formation. However the  10 percect d i f f e rence  i n  the weight o f  residues 
obtained w i t h  the bismaleimide r e s i n  a t  the  two temperatures suggested 
t h a t  char f o n a t l o n  may have occurred a f t e r  nonflaming combustion w i t h  
t o i s  mater ia l .  
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Analysis o f  Combustion Product Atmospheres 
Both CO and HCN were detected i n  the combustion product atmos- 
pheres generated from troth mater ia ls  under the  two combustion mdes.  
The 1 eve1 s detected, and the  t ime curves o f  the  generation of the  two 
- tox i can ts  a re  i 11 us t ra ted  i n  Figures 3-7. Each p o i n t  p l o t t e d  represent: 
tk mean l e v e l s  detected a t  the various times i n  a t  l e a s t  two experf- 
ments. 
Epoxy Resin - Nonflaminq. Various weights o f  t he  epoxy r e s i n  were 
comburted, generating a range o f  combustion produrts concentrations 
3 varying from 1.4 t o  22 gm/m . The peak CO l e v e l s  detected i n  these 
atmospheres ranged from 900 ppm t o  5000 ppm (Figure 3). HCN was a lso  
detected i n  these atmospheres, the  peak l eve l s  ranging from 20 ppm t o  
200 ppm (Figure 4). The peak l eve l s  o f  these two tox icants  increased 
w i t h  increasing sample weight. For the most par t ,  the  l e v e l s  o f  these 
two tox icants rose r a p i d l y  during the f i r s t  10 minutes of the exposure, 
a f t e r  which they remained approximately stable. The l eve l s  o f  HCN 
generated from the l a rges t  sample o f  the epoxy r e s i n  (22 gm/m3) peaked 
a f t e r  a per iod o f  15 minutes. 
The l eve l s  of O2 i n  the chamber were observed t o  f a l l  s tead i l y  
3 throughout each exposure. Thc maximum f a l l  was observed a t  22 gm/m , 
t h e  O2 l e v e l  f a l l i n g  t o  19.6 percent. The l e v e l s  o f  C02 were observed 
t o  r i s e  s tead i l y  throughout the  exposures. Again the  maximum change was 
3 observed a t  22 gm/m , the C02 leve l  r i s i n g  t o  1.6 percent. The devi -  
a t ions  i n  both O2 and C02 l e v e l s  were due p r i m a r i l y  t o  the resp i ra to ry  
a c t i v i t y  o f  the exposed ra t s .  
Epoxy Resin - Flaming. Various weights o f  the epoxy r e s i n  were 
combusted, generating combustion product concentrat ions ranging from 


3 3.1 t o  21.9 gm/m . The peak l e v e l s  of carbon monoxide (F igure 5) and 
hydrogen cyanide (Figure 6) detected I n  these atmospheres ranged from 
750 ppm t o  3200 ppm and from 25 ppm t o  165 ppm respect ive ly .  The peak 
1 eve1 s o f  these two tox icants  Increased w i t h  increasing sample weight. 
-peak l e v e l s  were detected a f t e r  10 minutes, a f t e r  which the  ;evels 
remained reasonably stab1 e. 
The fa1 1 i n  O2 l e v e l s  i n  these experiments was somewhat greater  
than i n  a cont ro l  experiment (no combustion). The maximum f a l l  was 
observed a t  21.9 gm/m3, where the  O2 l e v e l  f e l l  t o  17.4 percent. 
Small steady increases i n  C02 l e v e l s  were a l so  detected, a f t e r  an i n i t i a l  
sharp r i se ,  these again being greater  than t h a t  observed i n  t he  con t ro l  
3 experiment. The maximum increase was observed a t  11.1 gm/m , where the  
C02 l e v e l s  increased t o  4.1 percent. The f a c t  t h a t  these changes were 
considerably greater  than those i n  the con t ro l  experiment suggested t h a t  
a2 consumption and Cop generation occurred dur ing the  combustion. 
Bismaleimide Resin - Nonflaninq. Varying weights of the bismalei-  
mide r e s i n  were combusted, generating combustion product concentrat ions 
ranging f r o q  13 t o  43 gm/m.'. These combustion product atmospheres 
contained peak l eve l s  o f  CO rangicg from 1100 ppm t o  4200 ppm (Figure I 
3 ) .  Hydrogen cyanide was a lso detect?d i n  these atmospheres, the  peak 
l e v e l s  ranging from 40 ppm t o  about 200 ppm (Figure 4) .  
The peak l e v e l s  of these two tox icants  f o r  the most part ,  increased I 
w i t h  increasing sample  eight. However, the t ime course o f  the gener- 
a t i o n  of both tox icants  was considerably slower than for  the epoxy 
res in .  A t  a l l  combustion product concentrations studied, the  CO l e v e l s  
d i d  n o t  r i s e  above the minimal detectas le l i m i t s  f o r  a per iod o f  a t  I 


l e a s t  5.5 mlnutes. A slow generation o f  CO m s  subsequently detected 
over t he  fo l l ow ing  seven minutes, a f t e r  which the  l e v e l s  began t o  r l s e  
a t  a f a s t e r  rbte.  Peak l e v e l s  were always detected a t  the  end of the  
-exposure (30 mlnutes). The l e v e l s  o f  HCN were a1 so observed t o  r i  se 
s lowly  fo r  t he  f i r s t  15 minutes of each exposure, a f t e r  which they began 
t o  r l s e  more rap id ly .  The peak levels,  which a l so  increased w i t h  
increasing sample weightb were always detected a t  the  end o f  each 
exposure. 
As w i t h  the epoxy r e s i n  i n  t h i s  combustion modeb the  observed 
decreases i n  O2 l eve l s  and increases i n  C02 l e v e l s  wer L no:. la rge .  The 
3 maximum changes were observed s t  43.1 gm/m , i n  which the  O7 l e v e l  f e l l  
t o  19.8 percent, and the  C02 l eve l  increased t o  1.6 percent. 
Bismaleimide Resin - Flaming. Varying we1 ghts o f  the bismaleimide 
r e s i n  were combusted, producing combustion product concentrat ions ranging 
3 from 4.4 t o  26.5 gm/m . The peak l e v e l s  3f CO (Figure 3) and HCN (Figure 
6)  detected i n  these combustion prodact atmospheres ranged from 900 ppm 
t o  4900 ppm and from 25 ppm t o  160 pprn, respect ive ly .  For the  m s t  
par t ,  t he  peak l eve l s  of these two tox icants increased w i t h  increasing 
sample weight. The one exception t o  th i s ,  however, was w i t h  the two 
3 highest  concentrations studied (17.6 and 26.5 gm/m ) which contained 
s i m i l a r  l e v e l s  o f  HCN (160 ppm). 
The t ime course o f  the generation of CO was more rap fd  than a f t e r  
nonflaming combvstion, but was s t i l l  slowet- than t h a t  observed w i t h  the 
epoxy r e s i n  i n  t h i s  combustion mode. A t  the  lowest combustion product 
3 concentrat ion (4.4 gm/n ), the  peak CO l e v e l  was detected a t  12.5 min- 
utes i n t o  the  exposure. As the  savple weight was Increased, the peak CO 
leve l  was detected pmgressively l a t e r  I n t o  the exposure. A t  the 
3 highest combustion product concentration (26.5 gm/m ) the peak CO level  
was , .~t detected u n t i l  23.5 minute? i n t o  the exposure. I n  contrast t o  
th is,  HCN wls generated very rap id ly  i n  these experiments. I n  m s t  
. 
bxposures, the HCN leve ls  peaked a f t e r  5 - 10 minutes. The noteable 
exception t o  tb! s wbs a t  the hjghcst combustion pruduct concentration 
3 (26.5 gm/m ), were the peak HCN leve l  was not detected u n t i l  15 minutes 
i n t o  the exposure. However, a t  both t h i s  concentration and a t  17.6 
3 gm/m , the major i ty  o f  the t o t a l  H C N  t o  be generated was formed durins 
the f i r s t  two  minutes o f  the exposure. 
The levels o f  O2 and C 0 2  i n  these experiments were observed to  
deviate s l i g h t l y  from a control experlment, suggesting that  O2 was 
consumed and the Cop was generated by the combustion. The maximum 
3 changes were seen a t  26.5 gmlm , i n  which the O2 leve ls  f e l l  t o  18.5 
percent and the C02 level  increased t o  3.1 percent. 
Toxicant Generating Capacl t y  (TGC). The TGC values i n  terms of CO 
and HCN f o r  the two materials under the t w o  combustion conditions are 
shown i n  Table I. Because the levels o f  CO and HCN d i d  not s t ab i l i ze  
a f ter  the nonflaming combustion qf the bismaleimide resin, the TGC 
values calculated for t h i s  combustion mode are not a t r ue  representation 
of the f u l l  capacity o f  the material t o  generate these tw toxicants 
under t h i s  comb us ti or^ condition. However, they do represent the per- 
formance o f  the material w i th in  a l im i t ed  tfmc-frame, and therefore have 
value for  comparative purposes w i th in  the confines o f  t h i s  experiment. 
The TGC values i l lus t ra ted  tha t  the epoxy res in  produced somewhat 
more o f  both CO and HCN per gram o f  material a f ter  nonflaming combustion, 
v. 
v 
--- -- -- - - 
. 
than a f t e r  f Iamlng combustion, The bismalelmide r e s i n  produced approxi- 1 
mately 2.5 times l ess  CO and HCN per  gram o f  mater ia l  than the  epoxy 1 
r e s l n  a f t e r  nofif laming combustlon ( w i t h i n  the  time-course o f  the  exper- 
l n n t ) ,  but  produced considerably more CO and HCN per gram o f  mater ia l  
. 
than the  epoxy r e s i n  a f t e r  f lamlng combustion. 
T o x i c i t y  of the  Combustion Product A*mospheres 
The ECS0 and LCSO values f o r  the  two mater ia ls  under the  two com- 
bust ion condi t ions are compared I n  Table 1. The various respcnses of I 
ind tv idua l  groups o f  r a t s  exposed t o  the  various concentrations of 
combustlon products o f  the  two mater ia ls  a r e  de ta i l ed  i n  Tables 2 and 3, 
along w i t h  a summary of the  atmospheric l e v e l s  of the  various measured 
toxicants a t  each exposure leve l .  The tox i can t  l eve l s  (CO and HCN) 
reported for the  epoxy r e s i n  a re  the  mean of the measured values over 
the l a s t  20 minutes of the exposure. T9ose for  the bfsmaleimide res fn  
a r e  the  peak values measured (usua l ly  a t  the  end oC eiich exposure). 
The l eve l s  o f  O2 and C02 reported i n  Tables 2 and 3 are the mean of the 
l e v e l s  measured during the  l a s t  20 minutes of the  exposure. 
Incapaci tat ion.  - Concentrat ion-related incapac i ta t ion  ( l oss  of the 
1 eg-f  lex ion  avoidance response) was observed on exposure t o  combust i on  
product atmospheres from both f i a t e r i a l s  under both i ~ m b u s t i o n  condf- 
t i ons .  The e f f e c t i v e  concentrat ion range f o r  the  epoxy r e s i n  was 1.4 - 
3 3 11.1 gm/m a f t e r  nonflaming combustion, and 3.1 t o  11.1 gm/ni a f t e r  
f laming combustion. Incapaci t a t i ~ n  was on ly  observed a f t e r  exposure t o  
higher combustion product concentratfons of the b i  smalelrnide resin, 1 
however. The e f f e c t i v e  ranges fo r  t h i s  mater ia l  were 13.2 - 43.1 gm/m 3 
3 a f t e r  nonflaming combustion and 4.4 - 17.6 gm/m a f t e r  f laming combustion. 
Table 2. S m r y  o f  the Atmospheric Analyses, the Resulting Incapac i ta t im and the Blood Cbemlstry Status a t  
T i  i n  Rats Exposed t o  the Ncnflaminq and Flaming Combustion Products of an Epoxy Resin, 
4 
Flaming 
Control 3.1 5.7 11.1 21.9 
20.5 20.2 19.8 18.9 17.4 
1.0 1.4 1.6 4.1 3.5 
-180 650 1090 1890 2740 
- 22 49 85 I49  
4 8 8 8 8 
0 0 2 8 8 
- - 1 839 698 
(81) (258) 041 )  
0 0 0 4 4 
- - 42.9 37.6 - 
- - - 52.1 53.7 
- - - 7.34 7.09 
- - - 24.0 34.9 
- - - 71.0 65.8 
* - 
3 Conce~tra t ion ( y / m  ) 
Atmospheric Analysis 
O2 ( X I  !man) 
C02 ( 2 )  (man) 
CO P P ~  (me~n) 
HCN pprn (man) 
Incapac i t a t i ~ n .  
I Animals Exposed 
I An im l  s Incapacitated 
Nejn T i  - Seconds (5.D.) 
(S.D.! 
Blood Chemistry a t  T i  
n = 
OZHb (man) 
'Y- 1 
?fortflaming 
Control 1.4 2.8 5.5 11.1 22.0 
20.1 20.5 20.5 20.1 20.1 19.6 
0.9 1.1 1.1 1.4 1.3 1.6 
=430 - ';40 880 1600 2950 5050 
- 1 0 45 62 101 1% 
4 8 8 8 8 8 
0 0 2 5 8 8 
- - 1283 1355 975 684 
(562) (100) (462) (143) 
0 (1 0 2 4 4 
- - 43.2 46.4 33.4 
COHb (mean) I - - - 49.5 44.4 60.9 
ph [mean) 
PC02 (mean) 
PO2 (man) 
- - - 7.31 7.18 7.05 
- - - :!9.0 28.5 30.3 
- - - 85.2 91.6 81.4 
b 
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Comparison of the ECSO values for the two materials (Table I) 
showed tha t  they were qu ipo ten t  i n  terns o f  t h e i r  incapacitat ion 
potent ia l  a f ter  flaming combustion, but tha t  the epoxy res in  was f i v e  
times more potent i n  t h i s  respect than the bismaleimide res in  a f t e r  
* 
. 
nonflaming combustion. The incapacitat ing potency o f  the epoxy res in  
d i d  not change s ignf icant ly  between combustion conditions. The bis-  
maleimide resin, however was three times more potent a f t e r  flaming than 
a f t e r  nonflaming combustion. 
Time t o  Incapacitat ion (TI). The T i  values f o r  a1 1 ra t s  incapaci- 
tated on exposure t o  the combustion products o f  the two materials are 
detai led i n  Figures 7 and 8. Large var iat ions i n  the T i  values were seen 
i n  these experiments. The major i ty  o f  the r a t s  Incapacitated on ex- 
posure t o  the nonflaming combustion products o f  the epoxy res in  had Ti  
values greater than 10 minutes (Figure 7). Two r a t s  were incapacitated 
i n  a shorter time period, however, these two animals being i n  the groups 
exposed t o  the two highest combustion product concentrations employed. 
A s l i g h t l y  higher proportion (5118) of the ra t s  incapacitated by the 
flaming combustion products of t h i s  material had T i  values of less than 
10 minutes. 
Rats exposed t o  the nonflaming combustion products o f  the b is -  
maleimide res in  tended t o  become incapaci tated l a t e r  i n  the exposure. 
The major i ty  of the r a t s  (20129) had T i  values greater than 20 minutes. 
The d i s t r i bu t i on  o f  T i  values i n  r a t s  exposed t o  the flaming combustion 
products o f  t h i s  material was more 1 i k e  t ha t  seen w i th  the epoxy material, 
w i t h  the major i ty  (23128) having T i  values greater than 10 minutes. As 
w i t h  the epoxy resin, a low Incidence o f  r a t s  incapacitated w i th in  the 
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f i r s t  10 minutes of the exposure was seen i n  both combustion conditions 
( 3 /29  - nonflaming; 5/28 - flaming). 
The mean T i  values for the groups of r a t s  incapacitated upon ex- 
posure t o  the various combustion product concentrations o f  the two 
. 
h a t e r i a l s  are shown I n  Tables 2  and 3. Val i d  comparison between these 
T i  values can be made a t  concentrations 2f qua1  toxicological  impact. 
For t h i s  purpose, concentrations causlng incapacitat ion i n  a t  l eas t  
seven out o f  the eight  animals exposed were compared, Comparing the 
lowest concentration f o r  tach material tha t  caused t h i s  degree of involve- 
ment (Tables 2 and 3) showed t ha t  the man  T i  values for  these specif ic 
groups were somewhat shorter for  the epoxy res in  than f o r  the bismaleimide 
resin. However, because of the wide var ia t ion  i n  T i  for  r a t s  exposed t o  
the same environment, the differences i n  the mean T i  values were not  
large enough t o  appear signif icant. It was in terest ing t o  note tha t  
exposure of r a t s  t o  twice the maximal l y  incapacitat ing concentration of 
3 nonflaming epoxy res in  combustion products (22.0 gm/m ) caused a marked 
reduction i n  T i  for t h i s  group of rats.  This trend was not evident 
a f t e r  the flaming combustion o f  t h i s  material,  nor w i th  e i the r  combustion 
mode of the bismaleimide resin. 
Blood Chmist ry  a t  T i .  A sumnary of the blood chemfstry sta4us a t  
T i  i n  r a t s  exposed t o  the combustioh ~ r o d u c t s  of the two materials i s  
presented i n  Tables 2 and 3. The relat ionships between T i  and percent 
COHb a t  T i  for  the cannulated ra t s  are shown f n  Figures 7 and 8. The 
major i ty  of r a t s  incapacitated on exposure t o  the nonflaming combustion 
products of the epoxy res in  had COHb values i n  excess o f  40 percent 
(Figure 7a). Tnere were two exceptions t o  thfs. One r a t  t ha t  was 
Incapac f t a  ted very wrly (1 80 secs) on exposure t o  11.1 gn/m3 had a COHb 
l eve l  o f  10 percent a t  Ti .  A fu r the r  ra t .  tha t  was exposed t o  2.8 9m/m3 
was incapacitated towards the end of the exposure (1700 secs) 41th a 
COHb leve l  of 31 percent. A l l  o f  the ra t s  tha t  were incapacitated on 
exposure t o  the flaming combustion products of the epoxj r es i n  had COHb 
leve ls  i n  excess of 40 percent a t  T j  . 
A greater proportion o f  the r a t s  exposed t o  the combustion products 
of tire bismaleimide res in  had very low COHb leve ls  a t  Ti.  Eight o f  the 
t o t a l  of 16 cannulated r a t s  exposed t o  the nonflaming combustion prod- 
ucts had COHb leve ls  less than 40 percent a t  Ti.  The T i  values f o r  
these ra t s  varied from 460 secs t o  1680 secs. Two o f  these rats, which 
were incapacitated i n  1 ess than 10 min, had COHb leve ls  o f  !ess than 10 
percent. The remaining rats, whose COHb leve ls  were i n  excess of i O  
percent, were incapacitated during the l a s t  e ight  minutes of the ex- 
posures. A s im i la r  p r o f i l e  was seen i n  r a t s  incapacitated on exposure 
t o  the flaming combustion products o f  the bismaleimide resin. One ra t ,  
out  o f  a t o t a l  o f  14, was incapacitated ear ly  i n  the exwsure w i th  a low 
COHb level .  A further s i x  r a t s  had COHb leve ls  that  ranged between 10 - 
40 percent. The remaining seven ra ts  had COHb levels i n  excess of 40 
percent a t  T i  . 
The remaining changes i n  blood chemistry status were more con- 
s ts tant  between the materials. Fa l l s  i n  02Hb leve ls  were observed. For 
the most par t  these f a l l s  re f lec ted the various degrees of loading of CO 
onto the hemoglobin i n  indiv idual  rats. The PO2 and PCOZ leve ls  d i d  not 
change s i gn i f i can t l y  from control  values a t  Ti. S ign i f icant  f a l l s  i n  
blood pH were observed a t  Ti, however. This e f fec t  was seen w i th  both 
93 
materials under both combustion conditlons. As the combustion prcduct 
concentration Increased, w i th  each materlal , the degree o f  depression o f  
blood pH a t  TI wss also seen t o  lncrease. 
Blood Chemistry a t  the End of the Exposure. The s ta te  of the blood 
. 
chemistry i n  surviving cannulattd r a t s  a t  the end of the 30 minute 
exposure i s  s m r i z e d  I n  Tables 4 and 5. Exposure of r a t s  t o  the two 
materials under both combustion conditions resul ted i n  s imi lar  blood 
chemistry pro f i les  a t  the end of the exposure. The leve ls  of COYb were 
Increased, the degree of Increase being d i r e c t l y  re la ted t o  the com- 
bustion product concentration. The cha~ges I n  COHb leve ls  were accom- 
panied by approprlatc f a l l s  I n  OEHb leve ls  a t  a l l  combustion product 
concentrations ( I  .e.. COHh + OpHb + 100:). The PO2 and PC02 leve ls  
usual ly  remained normal. w i th  s l l g h t  increases I n  PO2 leve ls  a t  the 
highest combustion product concentrations generated f r o m  each material 
under the two combustion conditions. Signif fcant f a l l s  i n  pH were also 
observed a t  the higher combustion product concentrations. Again, the 
degree of fa1 1 i n  pH was seen t o  increase w i th  the combustion product 
concentration. Rats exposed t o  the higher concentrations of the non- 
flaming combustion products of the two materials showed a greater f a l l  
I n  pH than those exposed to  the flaming combustion products. 
Lethal i ty .  Concentration-related death was also obtained i n  these 
cxperitrents. Deaths during the expcsure were observed i n  r a t s  exposed 
t o  nonf laming combust!on product concentrations of the epoxy res in  that  
3 were greater than 5.5 gm/m . No post-exposure deaths were recorded I n  
r a t s  exposed t o  these combustion products. Af ter  flaming combustion of 
Table 4. Sunnrary of the Deaths Resulting from the Exposure o f  Rats t o  the Nonflaming and Flaming 
Combustion Products of an Epoxy Resin, and the Blood Chmist ry  Status i n  Survjving Rats 
Observed a t  the End of the Exposure. 
Nonflaming F l  ami ng 
3 Concentration (gm/m ) Control 1.4 2.8 5.5 11.1 22.0 Control 3.1 5.7 11.1 21.9 
Death 
Exposure Deaths 5 0 0 0 4 8 0 0 1 4 8 
X COHb a t  death - mean - - - - 72.9 78.1 - - 
- 64.7 64.2 
(S.O. j (3.6) (3.5) (0.6) (12.6) 
# Post-Exposure Deaths 0 0 o 0 0 0 0 1 0 3 0 
Total b Deaths 0/4 018 018 018 4/8 8/8 0/4 1/8 1/8 7/8 8/8 
Blood Chemistry a t  End of 
Exposurn (30 minutes) 
n= 2 4 4 4 4 0 2 4 4 2 0 
02Hb (mean) 87.8 7 5 . 7 6 3 . 3 3 9 . 8 2 7 . 1  - 8 6 . 5 6 7 . 5 3 2 . 2 3 1 . 6  - 
COHb (mean) 2.3 16.9 30.5 49.4 69.2 - 1.7 27.8 53.1 63.3 - 
W (man) 7.47 7.44 7.33 7.10 6.86 - 7.44 7.44 7.38 7.14 - 
PC02 (man) 22.0 22.3 25.4 24.8 23.9 - 23.0 26.6 23.6 22.4 - 
PO2 (mean) 64.8 83.0 77.9 72.9 92.5 - 72.1 71.7 73.6 83.7 - 
Table 5. Sumnary of the Deaths Resulting f r  m the Exposure o f  Rats t o  the Nor,flam?ng and hamlng CornbustIan 
Products of a Bismaleimide Resin a.31 the Blood Chemistry Status i n  Surviving Rats Observed a t  the 
End o f  Exposure. 
e~ 
Concentration (9m/m3) 
Death 
I Exposure Deaths 
X COHb a t  Death - mean 
(S.D. ) 
t Post-Exposure Deaths 
Total # Deaths 
Blood Chemistry a t  End of 
Exposure (30 minutes) 
(n= 1 
02Hb (mean) 
COHb (mean) 
PH (man) 
PC02 (mean) 
PO2 (mean) 
Control 13.2 14.4 28.3 33.0 43.1 
0 0 0 0 2 6 
- - - - 63.7 70.3 
(4.5) ( 1 . 9 )  
0 0 0 0 0 0 
O/R 018 0/8  0/8 2/7 6/12 
2 4 4 4 4 6 
84.6 48.2 74.2 38.0 47.6 27.9 
1.3 47.3 14.2 56.3 46.2 65.6 
7.36 7.40 7.32 7.19 7.06 6.84 
6 . 1  20.6 29.2 25.3 26.1 29.1 
74.3 73.8 81.2 78.7 80.1 86.3 
Control 4.4 6.0 8.8 17.6 26.5 
0 0 0 0 6 8 
- - - - 63.0 76.0 
(8.3) (2.3) 
0 0 0 0 0 0 
0/8 0/8 0/8 0/8 6/8 8/8 
I 
2 3 4 4 0 0 
87.3 59.5 46.9 35.5 - - 
1.5 34.0 50.4 60.4 - - 
7.43 7.41 7.36 7.23 - - 
22.3 27.3 25.7 18.1 - - 
88.0 83.1 80.1 94.8 - - 
the epoxy resin, however, deaths were recorded a t  a1 1 concentrations 
employed (Table 4). Deaths during the exposure were recorded a t  5.7 
gn/nJ and above. Post-exposure deaths were also recorded. One r a t  died 
om day af ter  exposuve to 3.1 gn/n3, and three post-exposure deaths were 
5 3 recorded I n  r a t s  exposed t o  11.1 gmlm . These deaths were recorded on 
days 2, 3 and 4 post-exposure. 
The exposure of r a t s  t o  the combustion products of the bismaleimlde 
resin, both flaming and nonflaming, resul ted i n  deaths occurring during 
the exposure. No post-exposure deaths were recorded. honf 1 am1 ng com- 
bustion products caused death a t  concentrations of 33 gm/m3 and above 
(Table 5). Exposure of r a t s  t o  the flaming combustion products of the 
hlsmaleimlde res in  resulted i n  death a t  concmtrat lons o f  17.6 gm/m3 and 
above. 
Comparison of the LC50 values o f  the two materials (Table 1) showed 
t ha t  the combustion products of the epoxy res in  were more l e tha l  than 
those of the bismaleimide resin. After nonflaming combustlon, the epoxy 
res i n  was four times more tox ic  than the sismal eimide resin. This 
potency difference was reduced t o  a two-fold difference a f t e r  flaming 
combustion, 
COHb Levels A t  Death. The percent COHb levels of r a t s  dying during 
the exposure are detai led i n  Tables 4 and 5. The mean leve ls  i n  groups 
of r a t s  dying on exposure t o  the various l e tha l  concent? t ions of the 
two materials ranged from 63.7 percent t o  78.1 percent. 
Post-exposure Observations. The general s ta te  o f  surv iv lng ra t s  
was assessed immediately a f te r  the exposure i n  each experiment. The 
observations are sumnarized i n  Tables 6 and 7. 
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Those r a t s  tha t  were incapacitated ( loss o f  the leg-f lexlon 
avoidance response) on exposure t o  the nonflamlng combustlon p ro tz t t s  of 
the epoxy res l n  shomd a decrease i n  a c t i v i t y  and a dtcrcrse i n  
motor co-ordlnatlon (Table 6). An i ~ i d a n c e  of m l l d  to moderate 
'4achrymatlon, nasal discharge and respiratory abnormal I t  les was also 
observed I n  s m  ra t s  exposed t o  varlous concentrations of t h i s  material 
(nonf lam1 ng ) . Recovery from these a bnorma 1 responses occurred w l  t h l  n 
f l v e  days for  the major i ty  of rats, w i t h  the exception of two (exposed 
3 t o  1.4 and 2.8 gm/m ) whlch show@ decrements I n  motor co-ordination 
throughout the post-exposure perlod. 
The major i ty  of r a t s  exposed t o  the flaming combustlon produ:ts of 
t h i s  material showed a decrease i n  a c t i v l t y  and also i n  motor co- 
ordinat ion capabl l l ty .  An Incidence of moderate nasal discharge and 
respiratory abnormalitfes was again observed, but no lachry-at ion was 
recorded. Recovery from the abnormal responses was complete w i th jn  f i ve  
days a t  the most, w i th  the exception of the four r a t s  tha t  died during 
the ;ost-exposure period. 
The involvement of r a t s  exposed t o  both the nonflamins and flaming 
combustion products of the bismaleimide res in  was s imi lar  t o  that  
described above (Table 7). There was, hobaver, a 3lgher incidence of 
nasal discharge and respiratory abnannalities, pa r t i cu l a r l y  a f ter  ex- 
posure t o  the nonflaming combustion products. An lncidence of 
sal  i vat ion was a1 so recorded I n  these experiments. Recovery from 
abnormal responses occurred w i th in  1-6 days for  a l l  ra ts .  
Post-exposure Changes I n  Body Uelqht. The charrges I n  body weight 
i n  exposed r a t s  are shown I n  Figures 9-12. The ra t s  surv iv ing exposures 
Exposure Days 
Finure 9. Chanqes i n  body weight i n  r a t s  surv iv ing  exposure to  the nonflaming combustion products of an 
., 
epoxy resin. 



t o  the nonflaming combustion omducts o f  the epoxy res in  (Figure 9) and 
also both the nonflaming (Flgure 11) and flaming (Figure 12) combustion . 
products o f  the bismaleimide res i n  showed minlmal changes I n  body m i g h t  
during the post-exposure period. These changes were t y p i f i e d  by a small 
. 
' f a l l  i n  weight ( less than 5 percent) over the f i r s t  few days post- 
exposure, followed by a re turn  t o  a normal growth pattern. 
Rats surviving exposure t o  higher concentrations o f  the flaming 
combustlon products o f  the epoxy res in  (Figure 10) showed a more pro- 
nounced change i n  body weight. For example, a f t e r  exposure t o  5.1 gm/m 3 
(n=7) the mean body weight i n  the surviving ra t s  f e l l  approximately 15 
percent over the f i r s t  three days, followed by a re turn  t o  normal 
growth. 
Gross Patholo%. The major observation i n  those ra t s  tha t  died 
during the exposure t o  the nonflaming combustion products o f  the epoxy 
res i n  was the deposition of pa r t i c les  a r o u ~ d  the nares, i n  the major 
airways and the esophagus. F lu id  was present i n  the nares o f  some of 
these rats. The lung t issue appeared normal, except for  a l o r  incidence 
of congestion. The only s ign i f i can t  observation i n  r a t s  sacri f iced 14 
days post-exposure was tha t  o f  s l  i gh t  congestion. 
Those r a t s  that  died during the exposure t o  the flaming combustion 
products o f  the epoxy res in  showed a greater degree o f  par t icu la te  
depositior! i n  the nares, major airways and esophagus. F lu id  was also 
present about the nares and mouth o f  these rats, and there was s l i g h t  t o  
moderate congestion o t  the lung tissue. Four r a t s  died during the post- 
exposure period. These had severe congestion of the lung tissue. No 
other s ign i f icant  gross pathological observations were made on these 
rats. The only signif icant observation I n  ra ts  who survlved the 14-day 
post-exposure period was a low Incidence of s l lgh t  t o  moderate lung 
congestion. 
Very siml lar observations were made i n  ra ts  exposed t o  the flaming 
*and nonflaming combustion products of the bismaldmide resin. Those 
ra ts  that died during the exposure had part iculate deposition around the 
nares and s l igh t  congestion of the lungs. Those dying on exposure t o  
the nonflaming cambustion products also had f l u i d  present about the 
mouth and nares, and some part iculate deposition i n  the major airways. 
The only signif icant observation made i n  surviving ra ts  was s l igh t  
congestion of the lung tissue. 
Discussion 
The r e l a t i v e  toxicological  potencf es of the combustion products of 
an epoxy res i n  and a blsmaleimfde res in  have been determined under two 
-ecombustion conditfons using an established small-scale experimental 
combustion/exposure system. By determining both the q u f  -e f fec t ive  
incapaci tat ing ( loss of the leg-f lexion avoidance response - EC50) and 
1 ethal (LCs0) concentrations under the two combustion condl t ions i t  was 
found t ha t  the ECSO and LCSO values of the epoxy res in  were, f o r  the 
most part, somewhat lower than the corresponding values for the bis- 
maleimide resin. 
The greatest difference between these values was observed i n  the 
nonflaming combustion mode, where the combustion products of the epoxy 
res in  were from four t o  s i x  times more potent than those of the bis- 
maleimide resin. The experiment showed, however, tha t  the most toxic 
environment (lowest ECSO and LCSO values) for  the bismaleimide res in  was 
generated a f ter  flaming combustion. I n  addition, the combustion 
products of the epoxy res in  were somewhat more l e tha l  a f t e r  fltimtng 
combustion. By comparing the worst case t o x i c i t y  of the two materials, 
therefore, the potency difference was reduced t o  a two-fold diff'zrence 
a t  most. I t  i s  normal pract ice  i n  experiments o f  t h i s  type t o  consider 
any difference i n  ECS0 o r  LCSO values t ha t  i s  less than a three-fold 
difference, as insigni f icant .  I t  i s  concluded, therefore, tha t  under 
the conditions of the experiment, and by comparing the worst case 
tox ic i t y ,  there was no difference i n  the potency of the combustion 
products o f  the two resins. 
T o x i c o l o g ~ ~ ~ l l v  s ign i f i can t  atmospheric leve ls  o f  both HCN and CO 
were generated by bath materials under both combustion conditions. 
Experiments i n  which r a t s  have been exposed t o  experimental atmospheres 
of both of these two  toxicants have sbwn tha t  leve ls  i n  excess of e i the r  
. 
. 
1500 ppm CO 11 21 o r  70 ppm HCN [3] w i l l  cause loss o f  the leg-f lex ion 
svoldance response i n  some of the exposed ra t s  w i th in  a 30-minute 
exposure period. These experiments also showed t ha t  r a t s  exposed f o r  30 
minutes t o  environmental leve ls  i n  excess o f  e i the r  3000 ppm CO 1121 o r  
150 ppm HCN [3] are 1 i kely t o  d i e  during the exposure. The e f fec ts  of 
I t ht exposure of r a t s  t o  experimental atmospheres containing various i \ 
admixtures o f  these two toxicants i n  a i r  have not been studied i n  t h i s  
laboratory. Other workers have shown, however, t ha t  the t cx i c  e f fec ts  
J 
I of CO and HCN are a t  least  aed i t ive  1131. A review o f  the atmospheric I levels o f  HCN and CO present i n  the combustion product atmospheres 
generated i n  these experiments shows tha t  the atmospheres resu l t i ng  from 
3 3 the combustion o f  2.8 gm/m epoxy res in  (nonflaming), 5.7 gm/m epoxy 
3 res in  (flaming), 33 gm/m bismaleimide res in  (nonf lam,ng) and 6 gn/m 3 
bismaleimfde res in  (flaming) respectively contained a t  least  e i ther  
1500 ppm CO o r  70 ppm HCN, or  both. A r o l e  f o r  these two toxicants i n  
the causal i t y  o f  the i ncapaci t a t i on  and deaths observed during exposure 
i n  these experiments i s  therefore strongly imp1 icated . 
Supportive evidence f o r  the r o i e  of CO i n  these ef fects can be 
found i n  the measured leve ls  of COHb i n  a r t e r i a l  blood a t  T i  and a t  the 
I 1
time of death i n  indiv idual  animals. The exposure of r a t s  t o  atmospheres 
of CO i n  a i r  have shown tha t  both the loss of the leg f l ex ion  response 
and death are assocfated w i th  discreet leve ls  of COHb i n  the ra t ,  t h i s  
being independent o f  the preva i l ing t n v f r o m n t a l  CO level .  COHb levels 
of approxlmately 60 percent were found I n  the a r t e r l a l  blood o f  In-  
capacitated r a t s  a t  T I  [l2], and leve ls  o f  80-90 percent were found i n  
the blood of r a t s  t ha t  died on exposure t o  CO [9]. Combustfon ??%duct 
atmospheres are usual 1y mu1 ti-component environments. Because o f  the 
. 
- 
poss lb i l l  t y  o f  the s l i g h t  modification by addi t ional  toxicants o f  the 
sens i t i v i t y  of the r a t  t o  CO, pa r t i cu l a r l y  i n  terms of incapacitat icn, 
i t  has become pract ice  t o  regard COHb leve ls  I n  excess of 40 percent t o  
be o f  su f f i c i en t  magnitude t o  cause loss o f  the leg-f lex ion avoidance 
response [S]. The major i ty  of r a t s  exposed t o  the combustion products 
o f  the epoxy res in  (both flaming and nonflaming) had COHb leve ls  I n  
excess o f  40 percent a t  Ti .  There were only two exceptions, out  of a 
t o t a l  o f  18 from which blood data was obtained a t  TI. It was concluded 
t ha t  the leve ls  o f  inhaled CO were therefore o f  s fgn l f l can t  magnitude t o  
explain the observed incapacitat ion caused by the combustion products of 
t h i s  material.  The COHb levels a t  T i  i n  r a t s  exposed t o  the combusticn 
products of the bismal eimide resin, however, were m r c  varied. A1 though 
approximately half of the ra t s  exposed t o  e i the r  the nonflaming o r  the 
flaming combustion products of t h i s  res in  had COHb leve ls  i n  excess o f  
40 percent, the remainder were below t h i s  level, and some had very low 
COHb leve ls  (<20 percent). The contr ibut ion o f  fu r the r  toxicants must 
a lso be considered, therefore. With the knowledge tha t  the leve ls  o f  
HCN i n  some of these experiments were o f  su f f i c ien t  magnitude t o  cause 
incapacitation, i t  i s  1 i k t l y  tha t  t h i s  toxicant  contr lbuted s i gn i f i -  
cant ly  t o  the effect. However, some r a t s  exposed t o  the nonflaming 
combustion products o f  the bismaleimfde res in  were incapacl ta ted very 
ear ly  I n  the exposure ( 4 5  minutes). Atmospheric analysis showed tha t  
the generation of both CO and HCN i n  these experiments was delayed. I t  
109 
was un l i ke ly  tha t  the combined e f fec ts  of HCN and CO were o f  suf f ic ient  
magni tude t o  cause incapacitat ion so ear l y  i n  the exposure. Therefore 
an a l te rna t i ve  causative rgent must be present i n  the envirornncnt a t  
t h i s  time. The chemical nature o f  t h i s  potent ia l  incapacitat ing agent 
. 
'could not  be determined from t h i s  experimnt. However the fact tha t  
such a small proport ion o f  the exposed r a t s  were incapacitated ear ly  i n  
these exposures, suggested tha t  the presence o f  t h i s  additional agent 
may not  be s ign i f icant .  
The contr ibut ion of HCN i n  the causal i ty  of incapacitat ion i n  r a t s  
exposed t o  the combustion products o f  the epoxy res in  cannot be t o t a l l y  
ru led out. The atmospheric leve ls  o f  HCN were greater than 70 ppm i n  
most o f  the combustion product atmospheres generated. It must be re-  
membered t ha t  when CO and HCN co-exist i n  the atmospheres, both 
toxicants w i l l  be inhaled. Although both HCN and CO cause loss o f  the 
leg-f lex ion response due t o  hypoxia, the mechani sm by which t h i s  i s  
achieved d i f f e r s  for  each toxicant. CO p r imar i l y  causes a r t e r i a l  
hypoxia by reducing the oxygen-carrying capacity of the hemoglobin 
through the formation o f  COHb. HCN, however, causes hypoxia by pre- 
venti  ng in t race l  l u l a r  oxygen metabolism (h is to tox ic  anoxia). Subtle 
dif ferences i n  the time-course o f  these two e f fec ts  may lead t o  the 
masking o f  the histoto,tic effect,  by the ongoing loading o f  CO t o  the 
hemoglobin. Simi lar  okservations have been made w i th  other materials 
tha t  generated both CO dnd HCN as combustion products e.g., isocyanurate 
foams [I 1. 
The contr ibut fon of HCN t o  the t o x i c i t y  o f  the combustion products 
o f  both resins was more evident however i n  r a t s  tha t  died during the 
exposure. COHb leve ls  measured i n  these r a t s  were always i n  excess of 
60 percent, but were not as high as the 80-90 percent measured I n  r a t s  
dying on exposure t o  CO alone 1123. It wns concluded tha t  HCN con- 
t r i bu ted  t o  the death of these rats,  resu l t i ng  I n  a l o m r  COHb leve l  
than would be anticipated If CO were the only l e t ha i  agent present. The 
. 
presence of CO and HCN d i d  not explain the occurrence of the post- 
exposure deaths observed i n  r a t s  exposed t o  the flaming combustion 
products of the epoxy resin. The occurrence of these deaths, coupled 
w i t h  the observations o f  a more pronounced weight :ass I n  surv iv ing r a t s  
during the post-exposure period suggested tha t  a fu r the r  toxicant  was 
present I n  these atmospheres. The fact  tha t  no s ign i f icant  post- 
exposure effects were observed i n  r a t s  exposed t o  the nonflaming com- 
bustion products of t h i s  r es i n  suggested t ha t  e i the r  the addi t ional  
toxicant  was not present i n  these atmospheres o r  tha t  i t  was present a t  
tox ico log ica l ly  Ins ign i f icant  levels. Pathological examination of the 
r a t s  tha t  died during the post-exposure period showed severe lung 
congestion, suggesting tha t  the lung wab the target  organ for  the 
addi t ional  toxicant. The chemical nature of t h l s  toxicant  was not 
determined fn t h i s  experiment. The fact tha t  the post-exposure deaths 
occurred a t  the same combust ion product concentrations tha t  were 1 i kely 
t o  cause deaths during the exposure, suggested tha t  the occurrence o f  
the post-exposure complications d i d  not s ign i f i can t l y  a1 t e r  the overal l  
t o x i c i t y  p ro f i l e  of the flaming combustion products o f  t h l s  resin. 
When compared t o  other materials beyond the scope o f  t h i s  study, 
the combustion products of both resins were found t o  be no more tox ic  
than a var ie ty  of other mater l r ls .  For example, the ECS0 and LCs0 
values for  nonflaming rkuglas fir combustion products have been determined 
t o  k 4.8 and 14.6 pnlm3 respectively [I]. In  the same study, the 
flaming combustlon products of W 1 ,  an isocyanurate foam, were found t o  
3 have EC50 and LC50 values of 4.1 and 11.8 gm/m m p u t l v e l y .  The 
tox4c l ty  o f  the flamlng combustlon products o f  the l a t t e r  materlal was 
. 
attributed t o  the comblntd effects of HCN and C0. The atmospheric 
leve ls  o f  both HCN and CO i n  the lsocyanurate experiments were very 
s im i la r  t o  those observed w l t h  the epoxy resln. However the toxlcant  
generating capacl t l e s  of the I socyanurate foam a f t e r  flaming combustlon 
were calculated t o  be 295 5 55 mg CO/gm foam and 18 9 3 mg HCN/gm foam. 
These values were considerably higher than those calculated f o r  the 
epoxy res in  I n  t f e  current experiment. This d i f ference I s  a t t r i bu ted  t o  
the high proportion of i n e r t  f lberglass present i n  the laminates o f  the 
e p ~ y  res in  used i n  these experiments. An Important conclusion tha t  can 
be drawn from these comparisons i s  tha t  the two resins d i d  not produce 
any unusual toxicants, o r  any high13 tox ic  combustion products other 
than those normally encountered upon the combusti~n of materials. A1 so, 
there was l i t t l e  evidence f o r  a s ign i f icant  contr ibut ion o f  sensory irri- 
t a t i o n  t o  the causal i ty  of the loss of the leg f lex ion avoidance response, 
as has been seen w i th  other materials [ I ,  3, 51. 
The delay i n  the generation of the combustion products of the 
bismaleimide res ln  a f ter  nonflaming combustion i s  an in terest ing ob- 
servation. Most materials tested t o  date i n  t h i s  combustion system 
behave more 1 i kc the epoxy res in  i n  terms of the time course of the 
generation of combustion pt oducts. Indeed, t h i s  quasi-stat ic  exposure 
system was designed so tha t  the r i s e  time of toxicants from moderate 
loadings was as rap id  as possible (usual ly  w l th ln  the f l r s t  f l ve  minutes) 
t o  a l low q u i l l b r l u m  conditions t o  be achltved qulckly w i th in  the 
exposure chamber. I f  the delay i n  toxicant generation i s  r property o f  
the material o r  the composite, t h f s  i s  an extreme rdvantage t o  the 
material I n  terms of I t s  combustion toxicology. When considering the 
potential t o x l c l t y  of tk cmbustlon products o f  the two m l n s  durlng 
.s 
the f i r s t  15 minutes of exposure, It I s  l l k t l y  that there would be a 
greater potency dlffermce betwttn the two materials than ha: been 
demonstrated over a 30 minute exposure perlod. I n  addltlon, f t  i s  
11 kely that survlval tlm may be greater upon exposure to the combustlon 
products of the blsmalelmlde resin, than with the epoxy resin. This 
poss lb l l l t y  I s  supported when comparing the T I  valors for lndlvldual 
animals shown i n  Flgurts 7 and 8, The comparison o f  wean TI values a t  
equi-effective concentrations of combustlon products d ld not support 
t h l s  hypothesis however because of the wldt vartatlon I n  t!mt t o  re- 
sponse I n  any given grocp. Time t o  effect I s  f r q u e n t i y  used for 
comparative purposes between material s i n  s lmi lar combustion toxlcolog- 
!cal studies (e.g., 14, 15). However tccduse of the f rquent  wide 
var lat ion i n  t h i s  parameter, i t  i s  necessary to Interpret t h l s  data with 
caution. 
There are several posslblr reasons which sug,;st that the delay I n  
r ise- t ine of the toxicants generated from the biunalelmidt resin mlght 
be art l factual .  These are as follows: 
1. That It I s  the resul t  of the use of 49C1°C as the nonflaming 
combustlon tanperat;l-e for the b i  maleimide resin. The evidence agains? 
t h l s  poss lb i l l t y  i s  that even a t  700°C, the flaming combustion temper- 
ature, the r i s e  time of CO levels (but not of HLN) a s  ~onslderably 
delayed when compared to the epoxy resin. 
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2. That 1t m s  the n s u l t  o f  the w q 1 e  conffgurrtlon. Woml ly ,  
samples are cut such that  the bulk o f  the srmph 1s dlstr lbuted equally 
n l t h f n  the srmple beaker, and f t  I s  also ensured that samples f a l l  to  
the bottom of the beaker. This was not possible with ei ther o f  the 
9 
9 
m t e r i a l s  used i n  t h i s  exper lnn~t  because o f  the conflguratlon of the 
or igfnal  srnple (? let  glass 1amlnr;rs) end also the htgh loadings of 
material r q u i r w l  to generate the combustjon products. The fact tirat 
the epoxy resin generated 1 ts  toxicants i n  the mrt usual manner, 
despite the sample configuration used, cuggested that t h i s  was not the 
reason f o r  the abnormal behavior o f  the bismalefmide resin. 
3. That I t  was an a r t i f ac t  resul t ing from the method of combustion 
used i n  these txptrlmtnts, whlch re1 i t s  pr imari ly on conductive hcatfng. 
It would be o f  value t o  study and compare the toxlcant generation from 
the two materials ~ ~ i r r g  a di f ferent htat  source, e.g., radiant heating. 
I f  was interesting to note that the time to reach mximal specific 
opt ical  density i n  the NBS Smoke Density Chamber, whlch re l ies  upon 
radiant htat  as the combustion source, was longer fo r  the blunalelmide 
res in than fo r  the epoxy resin (Section 111). Thfs was par t icu lar ly  
2 noticeable a t  5 watts/cm . This observation may have some relevance t o  
the above reasoning. 
Assuming that the observation i n  the current experitntnt was not 
ar t i factual  I t  s t i l l  remains a poss ib i l i t y  that the effect may be re- 
lated t o  the fact  that  the preprtgc, tested were constructed using f iber 
glass. I t  I s  ywposcd t o  form laminates of graphite flkr with the 
res!n. I n  the f i na l  analysis, the toxlcant generation from t% material 
1n i t s  f ina l  form must be investigated t o  determine whether the ob- 
uewation i s  o f  real  value. If toxlcant gmeratlon were s t f l l  delayed, 
and was a d i r ec t  r esu l t  of the mechanism of thermal decomposition o f  the 
resin, the property would remain a d i s t i n c t  advantage o f  the polymer. 
The consquences o f  the property i n  terms of po ten t ia l l y  increased 
surv ival  time should then be studied i n  more de ta t l  and exploited t o  i t s  
. 
'ful l  extent. 
I n  sumnary, these experiments have shown tha t  there was no s i g n i f i -  
cant difference between the toxicological  potencies of the combustion 
products of an epoxy res in  and a bismaleimide resin. They a1 so showed 
t ha t  the two materials d i d  not generate any unusually tox ic  o r  h ighly 
potent combustion product other than those normally encountered. The 
causal i ty of the observed t o x i c i t y  of the combustion products o f  both 
materials w ~ s  explained f o r  the most par t  by the presence o f  both CO and 
HCN i n  the combustion product atmospheres. There was a low incidence of 
incapacitat ion i n  the r a t  very ear ly  i n  the exposure t o  the nonflaming 
combustion products of the bismaleimide resin. There was also a low 
incidence o f  post-exposure complications i n  r a t s  t ha t  survived exposures 
t o  the flaming combustion products o f  the e?oxy resin. The respective 
causal i t ies o f  these e f fec ts  were not understood, but they were regarded 
as being of su f f i c ien t l y  low incidence as t o  not s ignf icant ly influence 
the overal l  t o x i c i t y  p ro f i l e  of the combustion products of the two 
materials. There was no evidence for the presence o f  tox ico log ica l ly  
s ign i f i can t  levels o f  a sensory i r r i t a n t  i n  the combustion product 
atmospheres produced from e i the r  material.  There wcs, however, some 
evidence tha t  the survival time on exposure t o  the nonflaming combustion 
products o f  the bismaleinide res in  was greater than f o r  the epoxy resin. 
This was the resu l t  of a delay i n  the generation o f  the primary toxicants 
(CO and HCN) from t h i s  material.  This observation may have been an 
a r t i f a c t  of the experimental conditions. It i s  o f  sufficient importance, 
however, t o  warrant further investigation to  establ i sh  the re1 evance o f  
.the observation t o  occupant survivabi 1 i t y  i n  the post-crash f i r e  scenario 
. 
i n  a i rcraf t .  
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APPENDIX A 
The following i s  a descript ion of each' pa r t  o f  the d a i l y  post- 
exposure examination given t o  each animal on a d a i l y  basis. Along w i t h  
the observation descr ipt ion are the grading c r i t e r i a  of the test.  The 
repor t  sheet i s  shown i n  Figure 1. 
Behavior 
-Ac t i v i t y -  Subjective opinion derived from experience. 
N - Nonnal--exploration of and react ion t o  surroundings. 
c - Decreased--less than normal a c t i v i t y  for animal. 
9 - Increased--hyperactivi t y  increase i n  motion and reaction 
t o  surroundings. 
0 o r  - - No a c t i v i t y  o r  react ion t o  surroundings. 
-Sens i t iv i ty  t o  touch- The animals reaction t o  being handled. 
N o r  + - Normal. 
9 - Increased sens i t i v i t y ,  vocalization, agression. 
+ - Decreased sens i t i v i t y ,  inabi  1 i t y  t o  respond. 
- - No response. 
-Pain--Tail Squeeze- Pinching of the t a i l  1, 2" from the end. 
N o r  + - Normal--movement away from stimulus. 
+ - Decreased response, acknowledges stimulus but reduced 
escape response. 
9 - Increased response, agression, vocal izat ion.  
0 o r  - - No response. 
+ - Animal acknowledges something i n  "ront of nose, sn i f f s  
about it, explores up and down it. 
+ - Decrease--acknowl eges presence but  no exploratory act ion 
about object. 
- - No acknowledgement of anything. 
-Agnssive Behavior- Subjective as t o  whether o r  not the animal 
exh ib i ts  the agressive r o l e  i n  response t o  being handled. 
+ - Exhibi ts behavior. 
- - Normal o r  no agressive behavior observed. 
-Preening- The animal ' s normal hygienic, cleaning of the coat. 
0 
+ o r  N - Normal--animal kept. 
+ - Some evidence of a reduction i n  the cleaning by the 
animal. 
- - Animal unkept, coat chowing accumulation of feces, urine, 
sal ivat ion,  nasal discharge, etc. 
Motor Coordination 
-Righting Reflex- When the animal i s  held on i t s  back and released 
approximately 18 inches above the bench top. 
5 - Normal--turns, plants a l l  four feet  i n  time. 
4 - When coming around dozs not  always get a l l  four planted. 
One may not  make i t  i n  time o r  be delayed behind other 
feet. 
3 - Two o r  maybe three fee t  get planted, never four or  even 
close t o  four. 
2 - Animal might p lant  one foot, usual ly lands on side. 
1 - Animal lands on back o r  maybe s l i g h t l y  on side. 
0 - No response, thud t o  the table. 
-Hang- Balance being held by t a i l .  
5 - When held by t a i l  animal arches back, extends 1 imbs, 
makes attempts IIr does crawl up i t s  ta ' l .  
4 - Arch missing but feet extended. Some movement, climbing 
up t a i l ,  etc. 
3 - Arch missing, feet extended, no motion. 
2 - Arch missing, feet close t o  body, no motion. 
1 - Everything hangs. 
-Posture- Not during motion o r  movement. 
5 - 3ormal--back arched up, a l l  fee t  f i n n l y  planted. 
4 - Arch i s  absent from the back, but feet are planted, bo4y 
supported by feet. 
3 - Arch absent, fee t  under animal but  supporting no m i g h t ,  
anlmal l y l n g  on stomach. 
2 - Anlmal sp la id  but making attempts t o  place fee t  underneath. 
1 - Anlma1 splald w i th  l i t t l e  o r  no attempt a t  support. 
0 - L ies  I n  any pos i t lon placed. 
. -Muscle Tone- Subjective. 
N - Normal. 
+ - Reduced, strength !; i;:~uced, the a b l l l t y  t o  grasp 
o r  exer t  pressure I s  7oedi~ced. 
0 - Animal unable t o  move. 
CNS Involvement 
-Star t le-  Animal's reaction t o  a hand clap. 
+ - Animal star ts.  
t - Animal s ta r ts  but  overreact, jumps i n  the a i r ,  etc. 
4 - Animal reacts but  does not s ta r t le .  
- - No reaction. 
-Tremors- V is ib le  tremors. 
+ - Present. 
- - Not present. 
-Twitches- V is ib le  twitching. 
+ - Present. 
- - Not present. 
-Convulsions- V is ib le  convulsing. 
+ - Present. 
- - Not present. 
Autonomic 
-Cornea 1 Ref 1 ex- 
+ - Closes eye l id  when cornea touched. 
- - No react ion t o  cornea being touched. 
-Sallvatlon- F l u l d  discharges from the mouth. 
+ - Present. 
- - Not present. 
-Nasal Discharge- F lu l d  discharges fm the nares. 
+ - Present. 
++ - S l igh t  amount of discharge, but  present. 
- - Not present. 
- V l  s l  b l e  Resplratlon- 
N - 'Normal breathlng, r a t e  qua1 I ty.  
t - Increased rate. 
1 b - Decreased rate, harder tlrne breathlng, labored breathlng. 
r b  - Respiratory distress. 
ab - agonal breathlng, severe respiratory dlstress, gasping, 
head back, gasping f o r  a l r .  
-Pi loerection- 
+ - Present. 
- - Not present. 

